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ABSTRACT
Wetlands of the Laurentian Great Lakes are diverse ecosystems that support a
species rich flora and fauna. Fishes are especially important indicators of wetland
productivity and ecological condition. Their distribution is controlled by water quality,
water temperature and dissolved oxygen concentration and local habitat (depth, substrate,
and local vegetation). Thus, weather-driven exchanges of water between a coastal
wetland and the adjacent lake can influence the estimates of the composition and relative
abundance of fishes.
I investigated the interactions among wind metrics and water level, water
temperature and dissolved oxygen in two Lake Erie protected wetlands with fish
abundance and community composition estimated from daily fyke net catches through
the course of a summer. Water level and water temperature positively correlated with
several wind metrics such as the strength of wind blowing towards the shore. However,
dissolved oxygen was positively correlated with only the change in water level over the
course of sampling. Differences in environmental factors may have influenced the
variation in fish communities between the sampling sites. However, the species richness,
genus richness, and percentage of fishes found dead in nets were positively associated
with the duration of hypoxia (dissolved oxygen <4 mg/L) and minimum daily water
temperature but not with amplitude of water level change. Fish abundance and species
richness estimates on any day are directly associated with prevailing in-wetland
conditions, which are indirectly associated with weather features.
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CHAPTER I.
ENVIRONMENTAL VARIABLES AND THEIR POTENTIAL TO INFLEUNCE FISH
COMMUNITIES IN GREAT LAKES COASTAL WETLANDS: A REVIEW
Introduction
Wetlands are defined as areas where ground surface is level with, or slightly
above or below the water table, with the sediment being saturated continuously or for at
least some portion of the year including the growing season (Wetzel 1990, Kaller et al.
2013). Freshwater wetlands are located inland along rivers, streams, ponds, and lakes and
have been extensively studied. This review focuses on coastal wetlands of the Laurentian
Great Lakes (GL). Coastal wetlands of the GL form when wave and water-current energy
is minimized enough to allow the accumulation of fine sediment, permitting the growth
of macrophytes (Cooper et al. 2018). Macrophytes can promote an ecogeomorphic
feedback loop, by further reducing water movement, allowing further plant growth and
increased stand density, thereby influencing environmental conditions such as sediment
accumulation (Atkinson et al. 2017, Wheaton et al. 2011, Day et al. 2008). Coastal
wetlands of the GL can be classified based on hydrogeomorphic and shoreline processes
(Albert et al. 2005, Cooper et al. 2018). The objective of my thesis is to determine the
interactions among environmental variables and fish assemblages present in two coastal
wetlands of Lake Erie.
The GL include lakes Superior, Michigan, Huron, Erie, and Ontario, as well as
their connecting channels: the St. Lawrence, St. Marys, and Niagara Rivers, the Welland
Canal, and the St. Clair River - Lake St. Clair - Detroit River corridor. The GL have a
surface area of ~244,000 km2 and have ~16,000 km of coastline. They comprise the
largest freshwater, connected lake system in the world, containing almost 20% of the
1

world’s fresh water. The system lies on the border between Canada and the United States,
with roughly 40 million people residing within its basin (Waples et al. 2008, Quinn 2002,
Gronewold et al. 2013, Méthot et al. 2015).
The GL include a variety of ecosystem conditions. Lake Superior is
ultraoligotrophic (very low nutrient content) and is least impacted by human stressors,
lakes Michigan and Huron are also ultraoligotrophic while Lake Ontario is oligotrophic,
and Lake Erie ranges from mesotrophic to oligotrophic, from west to east (Dove and
Chapra 2015, Waples et al. 2008). The diversity of environmental features, such as water
temperature (cold Lake Superior versus warm Lake Erie), geomorphology (granite,
carbonaceous, etc.), nutrient loading from both natural and anthropogenic sources, and
other human impact makes the range of connected coastal wetlands especially diverse
(Waples et al. 2008, Albert et al. 2005).
The diversity of wetland conditions and habitats supports a broad range of flora
and fauna, especially economically important fishes (Cooper et al. 2018). Coastal
wetlands also provide habitat for a great diversity of aquatic invertebrates (Herdendorf
1987, Gathman and Burton 2011, Burton et al. 2004), amphibians and reptiles, birds, and
mammals (Herdendorf 1987). Wetlands also provide essential habitat for spawning adults
and larval fish. For example, Chubb and Liston (1986) found that larval fish densities
were highest in shallow-water bayous in relation to bayou mouths and river channels in
the Pentwater Marsh on the eastern shore of Lake Michigan (Chubb and Liston 1986).
Herdendorf (1987) noted the use of Lake Erie coastal wetlands by commercially
important and game species, such as northern pike (Esox lucius), common carp (Cyprinus
carpio), large- and smallmouth bass (Micropterus salmoides and Micropterus dolomieu),
2

and crappies (black and white (Pomoxis nigromaculatus and Pomoxis annularis)
(Herdendorf 1987). Jude and Pappas (1992) compiled species abundance in each of the
five Great Lakes captured near or within wetlands. They found 47 species occurring in
coastal marshes, with the highest number of species being in the families Cyprinidae and
Centrarchidae. Parker et al. (2012) captured roughly 18,000 yellow perch over a sevenyear period in coastal fringing wetlands of lakes Michigan and Huron. Most individuals
were less than 6 cm in standard length and would therefore be age-0, young-of-year.
The environmental conditions of wetland ecosystems and their impact on fish
have also been studied extensively. Coble (1982) investigated how dissolved oxygen
influenced fishes in the Wisconsin River (Coble 1982). Currie et al. (1998) studied the
effects of maximum and minimum temperatures tolerated by largemouth bass, channel
catfish (Ictalurus punctatus), and rainbow trout (Oncorhynchus mykiss) in a laboratory
setting. Carter et al. (2010) tested prey selection by smallmouth bass with varying levels
of turbidity and cover in a laboratory setting (Carter et al. 2010). Weaver et al. (1997)
researched the effect of macrophyte density on the abundance of common fishes, while
Lyon et al. (2010) investigated the movement of fish from channel to off-channel habitat
during changes in water level. The focus of my research is to study the effects of shortterm water level fluctuations on environmental conditions (primarily dissolved oxygen
concentration and temperature) within wetlands and resulting effects on fish. The
remainder of this review discusses individual environmental variables that have been
found to affect the ichthyofauna of coastal wetlands.
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Dissolved Oxygen (DO)
Fishes have species-specific DO requirements (Doudoroff and Shumway 1970).
Fishes extract DO from the water to survive and to sustain metabolic processes (Davis
1975), most often by pumping water through gills then distributing oxygen to other body
tissues (Dean and Richardson 1999). If water becomes hypoxic, some species of fish can
extract oxygen from water by gulping the top layer of water near the surface; others can
breathe atmospheric air above the water surface (Dean and Richardson 1999). Dean and
Richardson (1999) researched the effects of DO concentration on seven native freshwater
New Zealand fish species and one native shrimp, and found that after 48 h in water set to
5 mg/L and 3 mg/L of DO no fishes died, with the exception of some rainbow trout at 3
mg/L. When DO was 1 mg/L, some species such as the banded kokopu (Galaxias
fasciatus) left the water, and rainbow trout moved to the surface water (Dean and
Richardson 1999). Smale and Rabeni (1995) studied DO tolerances of Missouri species
that are also present in the GL. They found no difference in DO tolerance based on size
for individual species, and the critical DO concentrations ranged from 0.49 to 1.59 mg/L.
Specifically, some species, also found in the GL, had high tolerances: yellow bullhead
(Ameiurus natalis) (0.49 mg/L), bluegill (Lepomis macrochirus) (0.66 mg/L), and
largemouth bass, johnny darter (Etheostoma nigrum), and golden shiner (Notemigonus
crysoleucas) (0.70 mg/L) (Smale and Rabeni 1995). Although these findings help provide
information on tolerances of different species, laboratory testing does not represent the
variability of environmental conditions present in a natural habitat. It would therefore
benefit our understanding of fish tolerances and behaviour to complete similar studies in
a natural setting to determine responses.
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Suthers and Gee (1986) studied fishes in Lake Manitoba to determine whether DO
in spring and summer influenced yellow perch. They placed minnow traps and DO
meters in two cattail-dominated sites (Typha spp.) at water depth categories of 30-40, 4050, 50-60, 70-80 cm. They found that DO increased with increasing water depth, was
highest in the evening, and higher at the surface of water than near the sediment. Yellow
perch (Perca flavescens) were absent when DO was below 1.5 mg/L during the time of
sampling. Yellow perch survived overnight only in cages situated in deeper, high DO
areas. None survived in cages placed in shallowest water during the day. These results
imply that yellow perch will leave areas that do not meet their DO limit and will die if
they are unable to do so. Similarly, Coble (1982) investigated the effect of DO on relative
species abundance sampled with fyke nets and by electrofishing in sections of the
Wisconsin River. DO was measured at three locations per section in the afternoon and at
night. The DO data were also compiled from the Wisconsin Department of Natural
Resources. Coble (1982) found lower percentage of sport fish (esocids, percids,
centrarchids) and fewer species overall at locations where DO was <5 mg/L than where
levels were above 5 mg/L. Although Coble (1982) did not specifically track the fishcommunity movement, capturing higher percentages of sport fish species and number of
species in areas of higher DO can suggest fish preference and movement into favourable
areas, and out of unfavourable conditions.
Relationships between fish species composition and DO levels have also been
investigated in Great Lakes coastal wetlands. Trebitz et al. (2005) studied ten Lake
Superior wetlands. They determined wetland habitat distribution and variability in
hydrological characteristics such as depth, water movement, and chemistry. They found
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that as lake-derived and tributary water inputs occurred, water turbulence and DO
increased, and water temperature decreased. Furthermore, DO concentration was
negatively associated with a wetland’s distance from the lake or tributary input. Their
documentation of how that changing flow conditions influenced DO is a very important
finding (Trebitz et al. 2005).
Understanding the changes in water chemistry of coastal wetlands can help one
anticipate the fish species present. Reductions in wetland DO can cause changes in the
fish assemblage (through immigration or emigration), resulting in higher relative
abundance of tolerant species such as gar (Lepisosteus spp.), bowfin (Amia calva), yellow
bullhead, and sunfishes (Centrarchidae) (Holm et al. 2009, Smale and Rabeni 1995), and
reductions in the relative abundance of less tolerant species such as yellow perch (Coble
1982). If the reverse occurs and DO rises due to an influx of water (Trebitz et al. 2005)
the sample catch may have a higher relative abundance of less tolerant species such as
smallmouth bass, brook silversides (Labidesthes sicculus), and bluntnose minnow
(Pimephales notatus) (Smale and Rabeni 1995). Therefore, understanding DO in a
wetland can help to explain why certain fish species are present, and accurately
measuring DO can prove useful in understanding the fish community.
Water Temperature
Water temperature, like DO, influences fish physiology. Singh et al. (2013)
mentioned that temperatures that exceed fish tolerance levels influence metabolic rate
and the utilization of DO, while decreases in temperature can reduce fishes’ immune
system function. In addition, changes in water temperature can alter food consumption
rates and digestion (Singh et al. 2013). Understanding the physiological changes of fishes
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in relation to water temperature are important as conditions within wetlands are different
from the lake and can change with changes in water input.
Wetlands of the GL are comparatively warmer than the lake proper (Trebitz et al.
2009), and the connection to the lake can influence water input. Albert et al. (2005)
developed a hydrogeomorphic classification system for Great Lakes coastal wetlands,
reflecting their connections to the lake. Lacustrine wetlands are directly associated with a
lake margin and are thus strongly affected by lake levels. Riverine wetlands (estuaries)
are influenced more by the water delivered by their drainages than by the lake, and
barrier-protected wetlands (when completely isolated from the lake), are influenced by
groundwater and surface drainage (Albert et al. 2005). In addition to lake connection,
time of year can influence the temperature of wetlands. For example, Trumpickas et al.
(2015) found that water temperatures were higher nearshore than lake-wide in the early
portions of the year, became more uniform and cooler than the nearshore by midsummer,
and were cooler than the nearshore by end of the year. With many variables influencing
water temperature in wetlands, it is important to understand how temperature can then
impact different life stages of resident fish. Since fishes are poikilotherms they depend on
their location in the environment to maintain an optimal internal temperature (Beitinger et
al. 2000, Hasnain et al. 2013). Variation in temperature influences feeding rates,
ovulation and egg survival, movement during the year, the timing of spawning, and
growth (Buentello et al. 2000, Taranger and Hansen 1993, Hanson et al. 2008, Murphy et
al. 2012).
Buentello et al. (2000) for example, tested water temperature and DO
combinations on food intake and efficiency, protein efficiency ratio, and weight gain of
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channel catfish in a laboratory setting and found that feeding intake increased when water
temperature was higher and decreased for lower temperatures. The researchers also found
that the greatest weight gain occurred when temperatures were held slightly above the
average spring and fall temperatures than below (Buentello et al. 2000). Taranger and
Hansen (1993) evaluated the effects of water temperature on ovulation and egg survival
in Atlantic salmon (Salmo salar) and found that when temperature increased by 3-4°C,
many females delayed or did not ovulate compared to the control and colder water
temperature group. The survival of fertilized eggs to the eyed stage of development was
also reduced at higher temperatures and increased at lower temperatures. Hanson et al.
(2008) studied the movement of largemouth bass using acoustic transmitters in Warner
Lake and found that the highest daily distance travelled increased after the reproductive
period, which was also the period of warmest water temperatures of the year. The
investigators used multiple regression analyses and determined that the water temperature
was the best predictor of bass activity and water depth occupied by the fish (Hanson et al.
2008). The water-temperature results could have implications for coastal wetlands,
suggesting fish species similar to largemouth bass (warm-water species (Holm et al.
2009)) will occupy different depths and water temperatures, with the potential for water
level and temperature changes to influence their movement and presence in areas of the
wetland. Murphy et al. (2012) compared cooler, higher-inflow embayments to warmer,
lower-inflow embayments of Lake Ontario to determine whether water temperature
difference will have an effect on egg hatch and overwintering survival of pumpkinseed
sunfish (Lepomis gibbosus), a warm-water species. Results showed an earlier hatch date
in warmer embayments compared to the cooler embayments. They also found that in the
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cooler embayments, young-of-year individuals were below the overwinter survival length
compared to warmer embayments (Murphy et al. 2012). The interesting part of these
results is that lower temperatures proved to be more detrimental to overwinter growth
than higher temperatures. Relating this to lacustrine coastal wetlands, which have
increased lake water input (Albert et al. 2005), this could mean these wetlands will have
fewer warm-water species due to delayed spawning and hatching, and more cool-water
species. It can also suggest that riverine and barrier-protected wetlands, which have less
lake water input (Albert et al. 2005), will have higher abundances of warm-water species.
In addition to water-temperature changes influencing fish populations in coastal
wetlands, the threat of climate change altering lake temperatures and therefore shallow
wetland areas, is being reviewed. Changes in lake temperature could influence coastal
wetlands and ultimately the fish communities within them. For example, Meisner et al.
(1987) suggested that global warming will increase the water temperature of lakes and
streams and could increase the temperature of groundwater (Meisner et al. 1987). Regier
and Meisner (1990) stated climate change could influence the thermal habitat for fishes;
specifically, cold-water habitats for species such as lake trout, would be forced deeper in
the lake. But lake bathymetry would play a role, with deeper lakes providing more coldwater habitat than shallow lakes (Regier and Meisner 1990). Magnuson et al. (1990)
showed that climate warming would increase suitable habitat for cold, cool, and warmwater fish species throughout the year in Lake Michigan (Magnuson et al. 1990). Recent
research regarding the effects of climate change have emerged, with Trumpickas et al.
(2009) finding increases in greenhouse gas emissions could lead to increased surface
water temperature, early spring warming, and later fall cooling. The increased surface
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water temperature could suggest changes in spawning time, species distributions in
wetlands due to higher water temperatures, and could offer longer duration of the
growing season for juvenile fish. The research above and fish species’ temperature
tolerances (Hasnain et al. 2010, Beitinger et al. 2000, Hasnain et al. 2013), suggest that
short-term, seasonal or annual changes in water temperature can influence different life
stages of fish and their movement within coastal wetlands, ultimately making it possible
to suggest why species are present in varying conditions of wetlands throughout the Great
Lakes.
Turbidity and Light Intensity
The turbidity and light intensity of coastal wetlands can also influence fish
assemblages. The turbidity of a wetland depends on many factors such as
hydrogeomorphology. Diked wetlands, for example, can have minimal water turbulence
and therefore greater water clarity than coastal wetlands exposed to wave action.
(Herdendorf 1987). The shallow depth of wetlands can allow light to reach the bottom
and stimulates high photosynthesis rates by macrophytes, and warm water temperature.
However, the density of macrophytes in wetlands can limit sunlight absorption by
phytoplankton, leading to decrease phytoplankton density (Herdendorf 1987). However,
because wetlands vary in their morphometry, connection to the lake, sediment, etc.
turbidity and light intensity are also variable. For example, open shoreline lacustrine
wetlands, such as Bay of Quinte in Lake Ontario, have very little sediment and are
directly exposed to the lake (Albert et al. 2005). Therefore, when the lake is calm there is
little suspended sediment and the water is clear. However, with increased wave action
creates elevated turbidity. Another example is barred drowned river-mouth wetlands such
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as Old Woman Creek in Lake Erie, which have restricted surface connection to the lake
and therefore minimal water movement. Barred drowned river-mouth wetlands do not
normally have large extensive vegetation but have deep deposits of organic matter
(Albert et al. 2005). Water movement and turbulence result in sediment suspension and
elevated turbidity. Lastly, barrier beach lagoon wetlands are protected from the lake
processes by sand, which limits mixing but results in deposition and the presence of deep
organic sediments. An example of a barrier beach lagoon wetland is Big Sand Bay in
Lake Ontario (Albert et al. 2005). The minimal water movement can lead to clear water.
Turbidity and light intensity combine to affect various aspects of fishes’ lives,
such as feeding rates, prey escape distance, prey activity, egg survival, and growth rates
(Carter et al. 2010, Nurminen and Horppila 2006, Gardner 1981, Ranåker et al. 2012,
Ranåker et al. 2012, Gray et al. 2012, Harder et al. 2012).
Carter et al. (2010) researched the effects of turbidity and cover on prey selection
by smallmouth bass on three different prey (round goby (Neogobius melanostomus),
northern crayfish (Faxonius virilis) and golden shiner) in a laboratory setting and found a
decrease in round goby selection by smallmouth bass during more-turbid conditions with
no artificial cover, a neutral relationship between round goby selection in high-turbidity
conditions with artificial cover, and a negative relationship between overall feeding rate
and turbidity (Carter et al. 2010). This suggests that during times of high turbidity certain
species may choose different prey or not feed at all. Nurminen and Horppila (2006)
investigated the effects of turbidity on the feeding efficiency of yellow perch on
Cladocera attached to plants in a laboratory and found that the feeding rate decreased
with an increase in turbidity. No Cladocera were eaten at 30 NTU (Nephelometric
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turbidity units), but an average 6.5 were eaten at 0 NTU. However, because prey were
attached to plant material the authors suggested that results may be different with freeswimming prey. Gardner (1981) found similar results with bluegill sunfish. They used
plastic wading pools and created treatments with three levels of turbidity (60, 120, 190
NTU) and a control (0 NTU) with Daphnia pulex as the prey species. Gardner found a
significant effect of turbidity on the number of individuals consumed (an average of 41
prey in clear pools and 22 in the highest turbidity pools). But, similar to the Nurminen
and Horppila (2006) study, the prey were slow-moving and therefore predation rates
could decrease even more with increasing prey movement and turbidity. Ranåker et al.
(2012) looked at the response of roach (Rutilus rutilus) in turbid water with northern pike
as a predator species. With a decrease in visual range the reaction distance of roach
decreased, suggesting clearer water can help smaller prey species evade capture and some
predator species such as northern pike may prefer more turbid water for hunting (Ranåker
et al. 2012).
In addition to predator-prey relationships, turbidity and light intensity can
influence fish activity, egg survival, and juvenile growth. Ranåker et al. (2012)
determined whether a change in turbidity (visual range) would alter activity of crucian
carp (Carassius carassius) when exposed to alarm cues (northern pike acclimation water)
and found a significant decrease in crucian carp activity when northern pike water was
added to turbid conditions compared to clear water (Ranåker et al. 2012). The results of
Ranåker et al. (2012) suggest that when prey fish are less visible they could choose to
move less, minimizing the risk of being captured by larger predatory species. Gray et al.
(2012) investigated effects of turbidity on spotted gar (Lepisosteus oculatus; a Great
12

Lakes species-at-risk) egg-hatching success and observed a 24.2% reduction in hatch
success when eggs were placed in turbid water for four days versus clear water (Gray et
al. 2012). These hatch success results are very noteworthy, especially if these results are
comparable to other Great Lakes fishes and could suggest juvenile fish presence in higher
abundance in less turbid wetlands.
Harder et al. (2012) examined the effects of photoperiod on growth of walleye
(Sander vitreus) in an aquaculture system using three photoperiods (24:0, 18:6, and 12:12
hours of light:dark). They observed a greater relative and absolute growth in walleye
subjected to 24:0 and 18:6 hour light:dark periods compared to 12:12 hour light:dark
periods. These results imply that less turbid wetlands allow greater light penetration and
may support better fish growth in other freshwater species. To conclude, variability in
turbidity and light intensity among wetlands may influence fishes’ predator-prey
interactions, movement, and growth in coastal wetlands of the Great Lakes. Therefore,
these are important variable to consider when understanding fish communities within
these ecosystems.
Plant Diversity and Density
The turbidity and light intensity within coastal wetlands can also affect algae and
submergent plant diversity and density, by stimulating or limiting photosynthesis. Turbid
water and dense emergent plant stands reduce light penetration (Herdendorf 1987). Other
factors that can alter the macrophyte community within wetlands include varying water
depth, substrate slope, agricultural intensity, water depth, and time of year (Gathman et
al. 2005, Grabas and Rokitnicki-Wojcik 2015, Höök et al. 2001, Trebitz and Taylor
2007, Weaver et al. 1997, Cooper et al. 2013). Gathman et al. (2005) found that
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interannual increases in water depth in Lake Huron wetlands reduced the density of
plants in wet meadows, and conversely when water depth decreased the stem density
increased (Gathman et al. 2005). Grabas and Rokitnicki-Wojcik (2015) also examined
the effects of water level fluctuation on the vegetation community in Lake Ontario
wetlands. They found that areas of the wetland with higher fluctuation intensity had less
shrub coverage and less upland plant coverage (Grabas and Rokitnicki-Wojcik 2015). In
a study of larval fish in Lake Huron coastal wetlands, Höök et al. (2001) found that in
wetlands where the slope of the substrate was gradual instead of steep, macrophyte stands
were denser and more structurally complex. Trebitz and Taylor (2007) investigated exotic
and invasive wetland plants throughout the Great Lakes to determine whether their
prevalence was related to biogeography, wetland type, or agricultural impact. Species
richness of invasive plants was higher in wetlands with higher agricultural input with
some native species decreasing in frequency (Trebitz and Taylor 2007). Weaver et al.
(1997) investigated the distribution of submerged aquatic species and found that different
plant species were more abundant at varying depths along a transect. For example,
Eurasian water milfoil (Myriophyllum spicatum) were most abundant in 1.5 to 2.5 m of
water, wild celery (Vallisneria americana) at 0.5 m, water star grass (Heteranthera
dubia) at 1.5 m, and waterweed (Elodea canadensis) at 1.5 and 2.5 m when compared to
other depths. Lastly, Cooper et al. (2013) examined the relationship between hydrological
exposure of a wetland and the gross primary productivity and respiration. Although it
may be intuitive due to increased duration of sunlight, mean gross primary productivity
and respiration, derived from the dissolved oxygen concentrations in the water column,
benthic, and epiphytic habitats, were higher in spring and summer in comparison to the
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fall. They also reported that the average net aquatic productivity (gross primary
productivity – respiration, of water column, benthic, and epiphytic habitats) was positive
in spring and summer and slightly negative in the fall. There was also the highest
productivity in the water column and benthic habitats compared to epiphytic habitat. The
results of Cooper et al. (2013) can show how greater sunlight during spring and summer
can increase the photosynthesis rates of submerged aquatic plants and phytoplankton, and
therefore increase quantities of oxygen released into the aquatic environment.
As noted, many variables can determine the vegetation diversity and density in
coastal wetlands. However, the macrophyte communities can also affect fish community
parameters such as family and taxa richness, abundance of yearling fishes, proportion of
omnivorous to carnivorous fish species, and predator-prey behaviour (Höök et al. 2001,
Weaver et al. 1997, Trebitz et al. 2009, Savino and Stein 1982, Einfalt et al. 2012,
Manatunge et al. 2000). Höök et al. (2001) investigated whether habitat features of
wetlands in Lake Huron were important for larval fish assemblages. They suggested that
there was a significant positive correlation between the index of habitat complexity
(based on the density and number of growth forms of submerged and emergent
macrophytes) and the family richness and taxa richness. Weaver et al. (1997) completed
a similar study to determine whether patchiness of macrophyte beds in Lake Mendota,
WI. influenced young-of-year and yearling-and-older fish distributions. They showed that
yearling-and-older yellow perch abundance was positively correlated with the abundance
of macrophytes, and richness of macrophytes, while yearling-and-older bluegill and
young-of-year yellow perch abundances were correlated with the ratio of vegetated to
barren area of habitat, and relative vegetation density. These results suggest that larval
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and young-of-year fishes choose areas of dense vegetation, potentially minimizing
predation risk or increasing food availability (Weaver et al. 1997). Trebitz et al. (2009)
also analyzed fish-assemblage relationships with habitat, watershed condition, and
regional setting in coastal wetlands of the Great Lakes (specifically United States
shoreline). They found that wetlands with high anthropogenic stress had higher
occurrence of omnivorous and turbidity-tolerant species such as common carp, and morenatural habitats had higher percentages of turbidity-intolerant species such as northern
pike. Trebitz et al. (2009) also showed that deeper wetlands had increased vegetation
cover with more predator fish species (e.g., bowfin), and shallow wetlands had less
submerged vegetation and therefore more benthic fish species (e.g., johnny darter)
(Trebitz et al. 2009).
In addition to influencing presence/absence of different species vegetation can
also have an impact on predator-prey interactions. Savino and Stein (1982) used
laboratory ponds with differing concentrations of vegetation cover to determine whether
cover would change the interactions between largemouth bass (predator) and bluegill
sunfish (prey). Largemouth bass were unable to capture or make visual contact with
bluegills when the stem density was highest, and predatory behaviour declined with
increasing stem density (Savino and Stein 1982). Bluegill activity was found to be less
variable when they were exposed to predators, and schooling at low vegetation density
and dispersal at high density proved to be advantageous against predation (Savino and
Stein 1982). Einfalt et al. (2012) completed similar experiments to Savino and Stein
(1982), with walleye as the predator species and bluegill and golden shiner as prey
species to determine whether light intensity and habitat complexity influenced
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interactions. When exposed to a predator in tanks with vegetation, prey species spent less
time schooling and more time dispersed throughout the vegetation than open water.
Walleye also took strikes at prey more often in open water than vegetated tanks and prey
spent more time in the upper limits of the water column when predators were present
regardless of vegetation density (Einfalt et al. 2012). These findings are noteworthy
because they suggest predator species such as walleye will attempt to capture prey more
when vegetation is minimal; and prey species survival improves when individuals are
dispersed within stands of dense vegetation. Thus, coastal wetlands are important because
they provide a variety of vegetation densities as refuge for smaller prey species such as
golden shiners while also providing open water areas along the wetland edge where
predator species can hunt.
Fish-zooplankton interactions are also important and can be influenced by
macrophyte density. Manatunge et al. (2000) examined the relationship between plant
density and predation by the planktivorous Pseudorasbora parva on the zooplankton
Daphnia pulex; foraging rates on zooplankton negatively correlated with habitat
complexity (Manatunge et al. 2000). To conclude, not only can the vegetation density
and diversity be influenced by environmental factors such as water level and agricultural
input, but the vegetation can also play a role in the fish assemblage and predator-prey
interactions of piscivorous and planktivorous species. Thus, the vegetation in coastal
wetlands is another very important aspect to consider when understanding fish
communities.
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Long-Term Water Level
As mentioned throughout this review, the different types of coastal wetlands have
varying degrees of surface connection to the lake. These connections can be large, in the
case of open lacustrine wetlands, or small, in the case of barrier-enclosed wetlands
(Albert et al. 2005). Consequently, the wetlands are subject to lake processes such as
storm events, wave exposure, and importantly for this section, seasonal and yearly water
level changes. Quinn (2002) categorized water level fluctuations in the Great Lakes into
three time scales: interannual, seasonal, and episodic. Inter-annual changes occur from
year-to-year, reflecting air temperature and precipitation trends. Seasonal (intra-annual)
changes occur from month to month as a result of seasonal variation in snowmelt,
precipitation, runoff, groundwater inputs, and evaporation. Lastly, episodic changes occur
over durations ranging from hours to days, due to storms and storm surges, ice jams in
channel systems, and seiches (Quinn 2002).
Based on data from the Great Lakes Environmental Research Laboratory
(GLERL) and National Oceanic and Atmospheric Administration (NOAA)
(https://www.glerl.noaa.gov/data/dashboard/GLD_HTML5.html), between 1990 and
2020, the average water level of the GL has been relatively stable with the exception of
two periods – an increase (1996 to 1998), and a decrease (1998 to 2001). Changes in
water input are important because understanding the dynamics between environmental
conditions and the average lake levels can help explain changes in wetland systems,
which are connected the lake.
Lenters (2001) explained seasonal variations in the GL average water levels
between 1860 to 1998. Lenters (2001) showed that, on average the highest lake water
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level occurs in June for Lake Erie and Lake Ontario, July for Lake Michigan and Lake
Huron, and September for Lake Superior. Also, the average water level was lowest for
lakes Erie, Ontario, Michigan, and Huron during the winter, with Lake Superior having
the lowest water levels in March (Lenters 2001). Again, understanding the processes that
contribute to changing lake levels are important for understanding coastal wetlands,
especially in relation to fish communities. For example, inter-annual fluctuations in water
level influence fish community composition and larval fish abundance (Langer et al.
2018, Chubb and Liston 1986). Water level changes occurring on a seasonal basis have
also been shown to influence fish movement (Lyon et al. 2010).
Langer et al. (2018) researched fish communities in Lake Huron wetlands to
determine whether there was spatial and temporal variation between wetland
communities and concluded that fish communities were most similar when the lake levels
were also similar between years. Thus, yearly lake levels can influence fish communities.
Chubb and Liston (1986) conducted similar research to Langer et al. (2018), investigating
the abundance of larval fish in open-water versus vegetated areas of Pentwater Marsh.
Their results were similar to those of Langer et al. (2018), suggesting that more larval
fish were present when water levels were higher than in lower water-level years (Chubb
and Liston 1986). Lyon et al. (2010) investigated the movement of fish in and out of offchannel habitats (wetlands) in Australia in relation to increasing, stable, and decreasing
water levels; the abundance of fish entering and leaving the wetland areas was
determined to depend on water level (Lyon et al. 2010). The research mentioned above
suggests water-level changes over long time periods can have an impact on fish
movement, and more research into water levels within Great Lakes coastal wetlands is
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needed to further confirm these results and understand fish movement in relation to those
changes.
Short-Term Water Level
Each of the previous sections focused on single environmental variables and their
potential to influence fish communities. But in natural systems a combination of factors
interacts with one another. For example, warmer water holds less dissolved oxygen than
cold water, and interannual and seasonal water-level fluctuations affect macrophyte
community composition. The goal of the current review was to emphasize that short-term
water level changes in wetlands due to lake level changes from wind events can
potentially affect many aspects of coastal wetlands including fish populations. Quinn
(2002) identified short-term water level changes in terms of episodic storm surges caused
by wind and generating internal waves (harmonic modes of oscillation) able to push the
epilimnion to various areas of the lake and resulting in water level changes of differing
amplitude (vertical change) and frequency (Gaudard et al. 2017, Trebitz 2006, Morrice et
al. 2011). The amplitude and frequency with which water level changes occur depend on
many factors such as fetch, wind speed, storms, atmospheric pressure, shore
morphometry, and location in the basin (Trebitz 2006). Also, if wind blows for a long
time and in a consistent direction, water level rises in the downwind area and falls in the
upwind area, with central lake locations being least impacted by water level oscillations
(Ji and Jin 2006). Trebitz (2006) examined daily fluctuations at different locations across
all five Great Lakes and found that the amplitude of daily water level change varied by
lake, location in the lake, and over time. Lake Erie had the largest daily range (maximum
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water level minus minimum water level), Lake Ontario the least, and Lakes Michigan,
Huron, and Superior were intermediate.
Of the factors affecting water level, Trebitz (2006) found that sites at the two ends
of a lakes’ long axis (location on the lake) and shallow large bays (morphometry and
bathymetry) on average, had the greatest amplitudes. Time of year also played a role,
with larger amplitudes occurring in the fall, spring, and winter when compared to
summer. Bathymetry along the axis of the lake also plays a role in the frequency and
amplitude. As Bedford (1992) stated, because Lake Erie is shallow it responds to storms
quickly resulting in dramatic changes in hydrology and after storms recede the internal
waves of oscillation continue to disrupt the lake. This suggests that deep lakes such as
Lake Superior will exhibit less hydrological changes in response to storms than shallower
lakes and will revert back to normal conditions quickly compared to shallow lakes of
equivalent size.
Several studies have shown short-term water level changes can alter coastal
wetlands through temperature changes, nutrient transport, plant community succession,
lake-water mixing, Dreissena survival, DO levels, and fish movement (Ostrovsky et al.
1996, Wilcox and Nichols 2008, Grabas and Rokitnicki-Wojcik 2015, Trebitz et al. 2002,
Bowers and de Szalay 2005, Trebitz et al. 2005, Emery 1970). Ostrovsky et al. (1996)
measured temperature and DO levels in Lake Kinneret, Israel to determine whether
water-level activity would cause mixing of hypolimnetic and epilimnetic water. They
found an increase in water temperature at increasing water depths possibly due to water
fluctuations mixing the warmer epilimnion water with the cooler metalimnion. Mixing
between the epilimnion and hypolimnion due to large seiche activity could also cause
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vertical movement of nutrients such as ammonia, in shallow areas of the lake (Ostrovsky
et al. 1996).
Wilcox and Nichols (2008) addressed the effects of lake levels in determining
plant community and zonation in Saginaw Bay, Lake Huron. One significant finding was
that plant communities were very similar in two years with different average water
depths. Between 1988 and 1989 average water depth decreased by 12 cm, but the
vegetation remained unchanged, possibly due to the short-term water level fluctuations
(Wilcox and Nichols 2008). Although this was only one finding of the study, it is relevant
in showing how water depth changes can possibly affect plant communities in coastal
wetlands through increased exposure or flooding. As mentioned previously, vegetation
influences wetland fish community attributes. Thus, water level change has potential to
influence fish communities mediated through effects on vegetation. Grabas and
Rokitnicki-Wojcik (2015) examined how fluctuation intensity among varying
hydrogeomorphic wetland types affected the vegetation communities in Lake Ontario
wetlands. They reported that different wetland types have varying degrees of fluctuation
intensity, with open embayments having higher fluctuation intensity than drowned river
mouth or protected embayments. Higher daily fluctuation intensities led to less shrub
coverage and upland plant coverage than when fluctuation intensity was lower (Grabas
and Rokitnicki-Wojcik 2015).
Trebitz et al. (2002) examined the effects of lake and tributary inputs in riverine
coastal wetlands of Lake Superior on water movement, mixing, and residence time and
determined that the amount of lake water within the wetland was a result of tributary
outflow and lake-water inflow. Therefore, when tributary outflow was higher than lake
22

inflow, the water in the wetland was the same as the tributary, meaning lake water was
absent from the wetlands and that lake-water inflow rarely exceeded tributary outflow.
Trebitz et al. (2002) also noted that wetlands in the lower Great Lakes may have greater
lake-water mixing due to increased water-level amplitudes due to larger lake fetch.
Although Trebitz et al. (2002) reported only limited evidence of lake-water mixing in
Lake Superior wetlands, Lake Erie has the highest amplitudes (Trebitz et al. 2006), and
wetland morphometry (size of wetland opening, river mouth, etc.) promotes larger water
inputs. Therefore, Lake Erie wetlands are likely subject to higher lake-water mixing than
those of Lake Superior. This lake water flowing is cooler, higher in oxygen, and likely
contains different concentrations of nutrients, all of which could influence the movement
and presence of fishes within these ecosystems.
Although the overarching goal of this review is to identify factors influencing fish
presence in wetlands, looking at the ecosystem as a whole is also helpful to
understanding differences in environmental conditions. For example, Bowers and de
Szalay (2005) examined whether water level changes affected adult survivorship or
veliger colonization of zebra mussels in a Lake Erie wetland. They found that
survivorship increased as cage depth decreased, minimizing the effect of water level
changes resulting in cages’ exposure to the air. Colonization was positively correlated
with water depth. Colonization plates placed at the shallowest depth exhibited the least
colonization, as a result of greater frequency of exposure (Bowers and de Szalay 2005).
These results show how short-term water-level changes can dewater areas of wetlands,
influencing biota such as zebra mussels, and therefore could have a similar result on fish
communities occupying shallow depths of a wetland.
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Short-term water level changes also affect wetland water-quality parameters.
Trebitz et al. (2005) investigated habitat patterns in relation to spatial scales in coastal
wetlands of the Great Lakes, finding that water turbulence and DO were positively
correlated with lake-water and tributary inputs, and water temperature was negatively
correlated. Thus, lake-water inflow and tributary inputs to a wetland can increase the DO
and reduce temperature. Trebitz et al (2005) also found that in areas with little
turbulence, the DO was lower, and the water temperature was higher, which could
influence fish physiologically (oxygen deprivation) and behaviourally (forcing fish to
move into more favourable areas).
If the oscillations of water level through a lake can influence a wetland’s DO and
temperature, it may indirectly influence resident fishes. In a study of fish movements in
relation to short-term environmental changes in Georgian Bay, Lake Huron, Emery
(1970) observed an influx in cold water that reduced temperature at the bottom of the
water column, from 18.7°C to 7.0°C within one hour. The cool water receded two hours
later, and water temperature increased to 18.3°C. During that time, fishes (suckers
(Catostomus commersoni), smelt (Osmerus mordax), perch (Percopsis omiscomaycus),
and stickleback (Pungitius pungitius)) were observed moving towards shore where water
temperatures were roughly 20.2°C. Other species such as whitefish (Coregonus
clupeaformis) and alewife (Alosa pseudoharengus) moved vertically in the water column
away from the colder bottom. Other species were not as lucky when temperatures
decreased, as benthic species such as sculpin (Cottus bairdi) were seen swimming
erratically in the cold water, and after cold water receded, individual sculpins were found
dead (Emery 1970). The studies, results, and implications from the research in this
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section and previous sections, show how important a lake-induced water-level change can
be to fishes within shallow ecosystems such as wetlands and why understanding these
processes further is imperative for a thorough understanding of coastal wetlands.
Thesis Objectives
My research studied the influence of short-term water level changes on
environmental variables within Lake Erie coastal wetlands and examined how wind
speed and direction can alter the inflow or outflow of water in coastal wetlands. I also
addressed the potential for changes in water level and other environmental variables to
influence the number of individuals, species, deaths, and sizes of fishes captured in fyke
nets set overnight in two coastal wetlands over the course of the summer. My thesis
addresses three central questions:
1. How does wind speed and direction influence water level within a lake-connected
protected wetland?
2. How does the changing water level within a coastal wetland alter other
environmental variables such as dissolved oxygen and water temperature?
3. How do daily changes in water level and other metrics such as dissolved oxygen
affect the numbers and species of fishes captured in short-term surveys within
coastal wetlands?
Thesis Outline
Chapter 1 of this thesis summarizes the research literature describing important
environmental variables of coastal wetland ecosystems and how changes to those
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variables can influence fish communities, leading into the potential for short-term water
level changes to alter those environmental conditions and therefore fish communities.
Chapter 2 examines the relationships between wind and coastal-wetland water
level, including consideration of local and lake-wide wind speed and direction. I
examined the correlations between water level and environmental variables, especially
dissolved oxygen concentration and water temperature.
In Chapter 3 I combined the water-level and environmental data from chapter 2
with daily fish-community data to determine whether changes in water level, dissolved
oxygen, and water temperature influence the abundance, species richness, and mortality
of fishes captured in fyke nets placed in two coastal wetlands.
In Chapter 4 I summarize key findings and implications from chapters 2 and 3,
describe limitations of the study, and suggest future studies and research questions
regarding water-level changes in coastal wetlands.
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CHAPTER II.
INTERACTIONS AMONG ENVIRONMENTAL VARIABLES IN TWO LAKE ERIECONNECTED COASTAL WETLANDS
Introduction
Fish presence and movement in coastal wetlands can be influenced by many
factors such as turbidity and light intensity (Carter et al. 2010), habitat and vegetation
complexity (Höök et al. 2001), and annual or seasonal water-level variation (Langer et al.
2018). Two of the most important water quality parameters are water temperature and
dissolved oxygen concentration (DO) (Canadian Council of Ministers of the Environment
1999, Doudoroff and Shumway 1970, Kramer 1987). Depending on the species,
individuals can alter their behaviours during times of low DO such as extracting oxygen
at the water surface or relocating to more normoxic water. Some individuals are
physiologically tolerant to hypoxic and anoxic conditions and can therefore remain in the
unfavourable areas until conditions normalize (Holm et al. 2009). Water temperature
plays a similar role to DO, with changes in temperature influencing fish internal
temperature and hence raising their metabolic rate and respiratory needs. Over the longer
term, increased temperature affects growth and spawning (Beitinger et al. 2000, Hasnain
et al. 2013, Murphy et al. 2012, Hanson et al. 2008). Similarly, DO, thermal tolerance,
and optimal temperatures of fish species vary with their life stages (Taranger and Hansen
1993, Holm et al. 2009). Therefore, understanding the movement and presence of fishes
in coastal wetlands requires an understanding of how, when and why variables such as
DO and water temperature change. Furthermore, measuring many environmental
variables (both in the wetland and on the lake), and determining their correlations with
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one another, can help paint a larger picture of how weather-related conditions may
interact to influence the fish community.
Lake Processes
Many phenomena influence the water level within coastal wetlands, including
annual and seasonal variation in precipitation, snow melt, and evapotranspiration rates
(Quinn 2002) as well as the connection between a coastal wetland and the adjacent lake
(Albert et al. 2005). An understudied lake-wide occurrence is the oscillation of internal
waves that occurs in large bodies of water (such as the Laurentian Great Lakes (GL)),
resulting from storm events and lake-wide wind (Quinn 2002). If wind blowing across a
lake for an extended period of time, it pushes the top layers of water, causing increased
water level in the downwind areas and decreases in the upwind areas. As the wind
subsides or changes direction, the water level oscillates back and forth as the lake settles,
thus creating cyclic water level changes (a seiche). The oscillations result in varying
degrees of water level amplitude (vertical change) and frequencies on the lake (Gaudard
et al. 2017, Trebitz 2006, Morrice et al. 2011). The amplitude of water level is affected
by many elements such as wind direction and speed. Wind travelling along the long axis
of the lake has the greatest fetch and therefore causes the most water level buildup at the
downwind areas. Trebitz (2006) found the amplitude of water level change in the Great
Lakes was, on average, highest at areas at the end of the long axis of the lake compared to
other locations. Ji and Jin (2006) found similar results on Lake Okeechobee, showing the
initial water level oscillation amplitude was least at areas near the middle of the lake. Ji
and Jin (2006) and Trebitz (2006) also found the morphometry of the shoreline can
influence the water level oscillations, showing that narrow areas on Lake Okeechobee
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had more pronounced oscillations, and bays such as Saginaw Bay had higher amplitudes.
The shallowness of a lake, specifically Lake Erie, can play a role in the episodic
conditions on the lake, with shallower water bodies being more susceptible to
environmental lake-wide conditions such as wind and storms (Bedford 1992). Trebitz
(2006) confirmed this with observations that water level changes were highest in shallow
large bays such as Green Bay or Saginaw Bay in Lakes Michigan and Huron,
respectively.
Wetland Processes
The processes occurring within different classes of coastal wetland are important
to understand prior to assessing combined effects of lake-wide activity. Processes such as
photosynthesis and respiration, accumulation of organic matter, nutrient distribution, and
diel patterns of DO and water temperature are especially relevant. The shallow depth of
wetlands allows light to penetrate to the sediment bottom, sustaining submerged aquatic
vegetation and resulting in high photosynthesis rates (Herdendorf 1987). The amount of
sunlight shining on different areas of a wetland influences local water temperature in
addition to photosynthesis and respiration rates, with exposed areas having higher water
temperature, greater photosynthesis, and respiration (Cornell and Klarer 2008). Certain
types of wetlands such as barrier protected wetlands (e.g., Lypps Beach located on the
north shore of Lake Erie, based on personal observation) tend to have a thick
accumulation of organic matter, which when suspended can increase the turbidity and
therefore reduce photosynthesis rates of aquatic plants (Albert et al. 2005). Particle
resuspension can also lead to changes in nutrient distribution and water quality through
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the release of nitrogen and phosphorus or toxic and hydrophobic contaminants that may
be present in the sediment (Chung et al. 2009, Bachmann et al. 2000).
The diel patterns of DO and water temperature are a product of several biological
pathways occurring in the wetland - specifically, photosynthesis by macrophytes and
phytoplankton, microbial respiration, and the diffusion of oxygen in the top layers of the
water column (Nielsen et al. 2013). In shallow ecosystems such as wetlands and shallow
lakes, DO and water temperature increase through the day, reaching a maximum in late
afternoon, followed by a decrease overnight, with a minimum occurring in the early
mornings (Andersen et al. 2017). Diel patterns vary among wetland habitats. Areas of
submerged and emergent aquatic vegetation have longer periods of hypoxia than do open
water areas (Reeder 2011), and upper areas of the water column have higher temperatures
than lower layers, near the substrate (Andersen et al. 2017).
Putting the Pieces Together
Although the significance of lake-wide processes influencing wetlands has been
acknowledged (Herdendorf 1987, Bedford 1992, Trebitz et al. 2005) the connection
between lake-wide and local wetland conditions needs further exploration. The objectives
of the current study are to document the relationships between wind direction and
intensity and water level, and ultimately how water level influences wetland DO and
water temperature and affects fish community composition. The two main objectives
were to determine 1) how wind speed and direction influence water level in two coastal
wetlands and 2) if and how water level changes within two Lake Erie coastal wetlands
alter the DO and water temperature. Predictions based on past literature suggests a greater
DO and reduced water temperature occurs during times of increased water level due to
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lake water inflow. Past research also suggests that higher winds that blow from a lake
towards the wetlands should result in an increase in wetland water level (Trebitz et al.
2005, Trebitz et al. 2002, Trebitz 2006, Ji and Jin 2006). The research goal was to
quantify these relationships to ultimately explain the composition of fish assemblages
captured during short term sampling efforts.
Methods
Wetland Selection
The Great Lakes Coastal Wetland Monitoring Program (GLCWMP) mapping tool
and database (http://www.GreatLakesWetlands.org) was used to compile candidate
wetlands located along the north shore of Lake Erie. The database identifies GL coastal
wetlands that are 4 ha in area or larger and that have a direct surface connection to the
lake (Uzarski et al. 2017). The connection to the lake allows movement of both fishes
and water into and out of the wetland. Ostrovsky et al. (1996) and Trebitz et al. (2002)
noted that lake water-level changes have the potential to influence water conditions if
water level change causes lake water inflow. I visited candidate sites and assessed their
suitability based on their connection to the lake (water exchange between the lake and
wetland), distance between lake and wetland, convenience of sampling (security of
equipment and ease of access by boat), permission to sample (by landowners or
conservation areas) and safety (ability to safely sample during high water). Two of the 5
wetlands visited were determined best suited for sampling: Lypps Beach and Cedar
Creek. Lypps Beach was located on private property in the township of Essex
(42.003795, -82.970497), and Cedar Creek was located in a Conservation Area in
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Essex/Kingsville (42.012435, -82.786879) (Fig 2.1). Both sites were easily accessible by
boat (at Cedar Creek) or by wading (at Lypps Beach).
Lypps Beach was sampled between July and August 2019 and Cedar Creek was
sampled in September 2019. Lypps Beach was connected to Lake Erie by a 5 m wide
stream and a distance from wetland to lake of about 105 m. Cedar Creek had an opening
to the lake of ~25 m and distance from the lake to wetland of ~930 m (calculated using
Google Earth distance measurement function). Lypps Beach was a barrier-protected
wetland, with no additional water input other than the stream connection to Lake Erie.
The stream at Lypps Beach flowed into the wetland where dense vegetation was present
throughout, with one open water area where macrophytes were not present. An aerial
photo of Lypps Beach is shown in Figure 2.2, showing the open water area, and the
connection to Lake Erie. Cedar Creek however, had a large river flowing alongside the
wetland, with input from upstream tributaries. The wetland had many open water areas
with floating leaf species present. The larger connection to the lake and input from
upstream tributaries at Cedar Creek promote greater water circulation in the wetland,
which can provide contrasting results to Lypps Beach. An aerial image showing the
upstream tributaries, the river flowing into and beside the wetland, and the connection to
Lake Erie is shown in Figure 2.3.
The two sites were also chosen because their plant communities were similar. The
dominant vegetation zone for each wetland was determined during the first sample day. A
vegetation zone as described by Uzarski et al. (2017) is a patch of macrophyte in which
one genus comprises at least 75% of the vegetated area with a minimum area of 400 m2
and depth of at least 5 cm (Uzarski et al. 2017). At both sites, invasive Phragmites
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australis was the dominant vegetation and therefore sampling was conducted within this
area. Due to the density of vegetation at both sites, equipment was placed at the boundary
between dense emergent vegetation and open wetland. Other species were present at both
sites. Lypps Beach supported submerged aquatic vegetation beds comprised of
Ceratophyllum demersum, Elodea canadensis, Heteranthera dubia, Myriophyllum
spicatum, Potamogeton richardsonii, Riccia fluitans, Vallisneria americana, and
Wolffia columbiana. In addition, European frog-bit (Hydrocharis morsus-ranae),
duckweed (Lemna spp.), and pickerelweed (Pontederia cordata) were present.
Vegetation at Cedar Creek included Ceratophyllum demersum, Heteranthera dubia,
Myriophyllum spicatum, Najas minor, duckweed, and American lotus (Nelumbo lutea).
Both sites were ~1 m deep, but depth fluctuated throughout the time of sampling.
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Figure 2.1 Map of the two wetland sites (Lypps Beach and Cedar Creek) on Lake Erie.
Lypps Beach sampled July – August 2019, Cedar Creek sampled September 2019. Lypps
Beach located at 42.003795, -82.970497 and Cedar Creek located at 42.012435, 82.786879. Image and locations derived from Great Lakes Coastal Wetland Monitoring
Program mapping tool and database (http://www.GreatLakesWetlands.org).
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Figure 2.2 Lypps Beach wetland (circled in blue) where sampling was conducted, and the
stream connecting it to Lake Erie. Image was taken from Google Earth.
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Figure 2.3 Cedar Creek wetland (circled in blue) where sampling was conducted, and the
connection to Lake Erie. Also showing the large river system (Cedar Creek) and
tributaries leading into the wetland area. Image was taken from Google Earth.

Wetland Equipment Placement
At each wetland, three fyke nets were placed parallel to one another, spaced 1 m
apart (Fig. 2.4 and 2.5). Details of net deployment and fish catches are reported in
Chapter 3. The fyke nets were situated between the emergent vegetation zone and the
open water of the wetland with the mouth facing the vegetation, wings at 45° angle
towards the vegetation, the lead extending into the vegetation zone, and the cod
extending into the open water area. The distance from the mouth of the net to the
vegetation was roughly 5 m. A Hobo U26-001 dissolved oxygen/temperature logger was
placed affixed to an upright of each net 15 cm above the substrate. In addition, a Hobo
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UA-002-64 pendant temperature/light logger was attached to the top of the central net to
record air temperature and day length. Variation in water level was determined by
comparing readings from two Hobo U20L-04 water level data loggers attached to a stake
4 m away from the fyke nets. One logger was submerged 15 cm above the substrate
surface. The other unit was attached 30 cm above the water surface to record ambient air
pressure. A fourth DO logger was also attached to the water level stake. A diagram of
both sites with placement of loggers can be seen in Figure 2.4 and 2.5 below.

Figure 2.4 Lypps Beach wetland equipment placement.
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Figure 2.5 Cedar Creek wetland equipment placement.

Dissolved Oxygen and Water Temperature
The net-attached DO loggers were used to record DO and water temperature
every 15 minutes throughout the time of fish sampling (net set sequences lasting between
2 and 5 days). Loggers were placed in the wetland on the first day of sampling between
0930 and 1030 EDT and removed the last day of sampling between 0830 and 0915 EDT.
They were checked daily to remove any debris accumulating on the sensor and to
reposition them in the water column if water levels fluctuated. When downloading data,
DO loggers were checked for damaged sensors or low batteries.
Light Intensity
Light intensity (LI) loggers were used to record the light intensity throughout the
time of sampling. They recorded temperature and light intensity every 15 minutes. The LI
loggers were placed in the wetland on the first day of sampling between 0930 and 1030
EDT and removed the last day of the sampling trip between 0830 and 0915 EDT.
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However, the air temperature records were ultimately discarded because water
occasionally covered the logger rendering them unreliable. The LI loggers were checked
daily throughout the time of sampling to remove any debris.
Wind Speed and Direction
Wind speed and direction data were acquired from databases containing
measurements from two different locations. One dataset was from an Environment and
Climate Change Canada (ECCC) weather station maintained by the Meteorological
Service of Canada located ~6 km away on the shore of Lake Erie, in Harrow, ON (Lat.
42°02’00”N; Long, 82°54’00”W); the other dataset was recorded from the National
Oceanic and Atmospheric Administration (NOAA) Station Number 45005 located
offshore in Lake Erie, ~27 km south of Point Pelee (Lat. 41°40’36”N; Long.
82°23’54W). The ECCC (shore-based) station reported hourly data, with direction
described in units of 10’s of degrees and velocity in units of km/h. The NOAA (lakebased) station provided records at 10 min intervals, with wind direction to the nearest
degree and wind velocities to the nearest 0.1 m/s. The shore-based wind direction
measurements were converted to 360° by multiplying the values by a factor of 10. The
lake-based wind speed was converted to km/h by multiplying the values by a factor of
3.6. The combination of on and offshore data permitted determination of correlations
both between local wind conditions and prevailing (offshore) wind with water level
within the wetland. Variation in wetland water level could be due to a combination of a
wetland’s location on the lake, fetch and wind speed (Trebitz 2006, Ji and Jin 2006).
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Water Level and Air Temperature
Variation in wetland water level was estimated from the pressure data recorded
from two water level loggers – one of which recorded air pressure (and temperature) and
the other of which recorded water pressure (and temperature) at a fixed distance from the
substrate. Loggers recorded at 15 min intervals, were checked daily to remove debris, and
cleaned between sampling weeks. Loggers were placed in the wetland on the first day of
sampling between 0930 and 1030 EDT and removed on the last day of sampling between
0830 and 0915 EDT. The water depth was measured to the nearest mm at the stake on
which loggers were mounted at the time of logger installation as was the distance from
the water surface to the top of the logger (logger depth). Measurements were repeated at
the time the loggers were removed at the end of sampling. Specific times of logger
placement and removal were also recorded. Pressure measurements were converted to
records of changing water level over the course of sampling using the HOBOware Pro
software program (Onset HOBOware Pro, Onset Computer Corporation, 2002-2018,
Version 3.7.16). An algorithm uses the water pressure and temperature, initial water
depth, and the air pressure and temperature to calculate variation in water level over the
course of the sampling period (Onset HOBOware Pro, Onset Computer Corporation,
2002-2018, Version 3.7.16).
Data Processing
Data from all loggers were downloaded at the end of sampling periods using a
HOBO Waterproof Shuttle (HOBO U-DTW-1) and HOBOware Pro 3.7.16 software. The
times at which each logger had been deployed and removed were transcribed from field
notes and used to organize the data by sampling week and by wetland.
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The number of days per sampling week varied and therefore data were organized
and interpolated by sample week, then compiled to produce one dataset per wetland.
Daily time trend records were carefully inspected to detect outliers or other anomalous
values. During times of complete anoxia (0 mg/L oxygen) the DO loggers would
occasionally record negative values (between -0.001 and -0.005 mg/L). Since the DO
could not be negative and the loggers have an accuracy of 0.2 mg/L any negative values
were replaced with 0 mg/L. Values that preceded or followed records of the negative
values were inspected to confirm that substituting a value of 0 mg/L was appropriate.
There were also several occasions when the wind speed was 0 km/h (calm), but the wind
direction recorded 0°. When this occurred, the corresponding wind direction entry was
left blank (to represent a missing value).
Data Summaries and Transformations
Histograms were created and inspected for all variables to evaluate distributions
for normality (SPSS Statistics (version 26, IBM, Armonk, NY, U.S.A.). KolmogorovSmirnov and Shapiro-Wilk tests of normality were also performed. Because none of the
variables were normally distributed, statistical analyses were performed on raw data with
the exception of light intensity where log-transforming the data brought it closer to
normal.
Records from replicate loggers were averaged to provide a wetland-integrated
measure of DO and water temperature for each time period. Although there were slight
location-specific differences among loggers within a wetland (ANOVA, p < 0.05)
(Appendix A, Tables 2.3-2.6) they were not considered to be biologically meaningful.
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Because the shore-based and lake-based wind data were reported with different
frequencies (hourly vs. 10 min intervals respectively) linear interpolation was used to
align values and make them correspond to the 15 min frequencies at which the loggers
recorded. The shore-based wind data records were linearly interpolated from one-hour to
30 min and then to 15 min intervals. The lake-based data were linearly interpolated from
10 min to 5 min intervals. Missing values of wind speed and direction were linearly
interpolated when necessary. Subsequently, the 15-min interval data from both datasets
were selected and integrated into the composite dataset aligned by date and time.
Summaries of directional data (means, angular deviation) were determined using
appropriate circular data transformation (Zar 2010).
Measures of Wind Intensity
Several linearizing transformations were applied to provide variables that could
be used to test for the effects and strength of onshore and offshore winds on wetland
environmental data. Values of the transformed variables were calculated using Microsoft
Excel (version 16.44). Variables representing “onshore wind strength”, “offshore wind
strength”, “southwest buildup caused by northeast wind” and “northeast buildup caused
by southwest wind” were derived from the two wind datasets as follows:
The Onshore Wind Strength was the product of wind from the south and wind
velocity. The value was maximum when wind was blowing from the south (180°) and
gradually declined to zero when direction was from east or west:
Onshore Wind Strength = ABS(Wind Speed x COS(Wind Direction) x
COS(Wind Direction) x (COS(Wind Direction) IF < 0))
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The Offshore Wind Strength was the product of wind from the north and wind
velocity. The value was maximum when wind was blowing from the north (360°) and
gradually declined to zero when direction was from east or west:
Offshore Wind Strength = ABS(Wind Speed x COS(Wind Direction) x
COS(Wind Direction) x (COS(Wind Direction) IF >= 0))
The Southwest Buildup variable was the product of wind from the east-northeast
(70° - the long axis of Lake Erie) and wind velocity. The value was maximum when wind
was blowing from 70° and gradually declined to zero when direction was perpendicular
to this value:
Southwest Buildup = ABS(Wind Speed x SIN(Wind Direction+20) x (SIN(Wind
Direction+20) IF >= 0))
The Northeast Buildup variable was the product of wind from the south-southwest
(250°) and wind velocity. The value was maximum when wind was blowing from 250°
and gradually declined to zero when direction was perpendicular to this value:
Northeast Buildup = ABS(Wind Speed x SIN(Wind Direction+20) x (SIN(Wind
Direction+20) IF < 0))
The resulting values provided a numerical value of wind influencing the shoreline
where the wetlands were located. A larger onshore wind strength value represented a
greater force of wind travelling toward the shore potentially driving water into the
wetland. The larger an offshore wind strength value the higher the force of wind blowing
from land towards the lake, causing an outflow of water from the wetland.
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The sine of wind direction was calculated by taking the sine of wind direction
+20° to give a value of 1 to -1, with 1 representing wind travelling from northeast to the
southwest or 70° and -1 representing wind travelling from southwest to northeast or 250°.
The addition of 20° was used to account for the angle of Lake Erie along the long axis of
the lake, which is roughly 70/250°. Therefore, wind direction values of 70° would
become 90°, and 250° would become 270° and the sine function could properly give a
value of 1 or -1. The larger a northeast buildup value the more potential for water level
buildup in the eastern basin of the lake and the larger southwest buildup the more
potential for water level buildup in the western basin of the lake.
Cumulative Daily Hours of Light or Darkness
The daily hours of light and darkness were used because both water temperature
and DO concentration begin to increase at dawn, when radiation heats the water and
starts to promote photosynthesis and begin to decline at night as the air cools and
microbial respiration is no longer counteracted by photosynthesis. Therefore, the metrics
can help to explain trends in the data. Hours of Daylight was calculated by giving a value
of 0.25 (25% of an hour and therefore 15 minutes) when light intensity was greater than 0
and summing those values throughout the time of sampling. Hours of Night was
calculated by giving a value of 0.25 when light intensity was 0 and summing those values
throughout the time of sampling. Hours of Night and Day provide insight of when
photosynthesis can occur (light is reaching the wetland) and when respiration is greater
than photosynthesis rates (no light intensity reaching the wetland).
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Water Level
Fifteen-minute records of water level were used to create several dynamic
variables - fluctuation intensity equations derived by Trebitz (2006). These included
water level increments, number of flow reversals, and sum of water level increments. The
data were separated by sampling week and wetland site to accommodate intervals
between sampling efforts. Water level increment was the difference between water level
at time t and water level at time t-1. The number of flow reversals (per 15 min data
interval) was calculated by assigning a value of 1 to each time interval during which
water level increment values changed signs (positive to negative or negative to positive)
or 0 otherwise. Lastly, the sum of water level increments was determined by summing the
absolute values of water level increments in a lagged time series. Once data columns
were created for each sampling effort, the data were then reorganized per site to be used
in statistical analysis.
Statistical Analyses
The arithmetic means and standard deviations for each time interval for the
duration of sampling at each site was used to create a series of running means for a 24 h
day at each wetland. The resulting figures were examined and used to identify
discontinuities occurring at particular times of the day, and to compare trends between
the two sampling sites.
In addition, Principal Component Analysis (PCA) was performed to identify
suites of correlated and independent variables in the time series. An analysis was
performed on a correlation matrix of variables for each wetland using the Factor Analysis
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procedure in SPSS statistical software (version 26, IBM, Armonk, NY, U.S.A.). Varimax
rotated factors for which eigenvalues > 1 were obtained were interpreted.
Twenty-four environmental variables were used in the PCA, with sampling sites
analyzed separately. Data for 2,433 records collected over 32 days were analyzed for
Lypps Beach, and 1,319 records collected over 18 days were analyzed for Cedar Creek.
Missing records for one or more environmental variables resulted in the exclusion of 38
sampling times for Lypps Beach (1.5% of data) and 16 sampling times (1.2% of data) for
Cedar Creek. The following wind variables were used in the PCA: NOAA Wind Speed
(km/h), ECCC Wind Speed (km/h), NOAA SIN of Wind Direction, ECCC SIN of Wind
Direction, NOAA COS of Wind Direction, ECCC COS of Wind Direction, NOAA
Offshore Value, NOAA Onshore Value, ECCC Offshore Value, ECCC Onshore Value,
NOAA Southwest Buildup, NOAA Northeast Buildup, ECCC Southwest Buildup, and
ECCC Northeast Buildup. Other environmental variables include the log-transformed
Light Intensity (Lux), Hours of Day, Hours of Night and Air Temperature (°C). Water
characteristics included Water Level (meters), Sum of Water Level Increments, Water
Level Increments, Flow Reversals, Water Temperature (°C), and Dissolved Oxygen
Concentration (mg/L).
Results
Diel variations in Dissolved Oxygen, Temperature, Light, and Water Level
The mean and standard deviation of seven environmental variables (Air
Temperature, Water Temperature, Dissolved Oxygen, Water Level, Light Intensity,
Onshore Wind Strength, and Offshore Wind Strength) were calculated for each time
point (every 15 minutes) throughout the time of sampling to illustrate the 24 h average
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time trend at each sampling site (Lypps Beach and Cedar Creek; Figures 2.6 – 2.10, 2.13
– 2.14). Lypps Beach on average had a higher air temperature (except from 1000 to
1500) and water temperature than Cedar Creek (Figure 2.6 and 2.7). On average Cedar
Creek had higher DO and water level than Lypps Beach (Figure 2.8 and 2.9). In addition,
throughout the time of sampling at Lypps Beach and Cedar Creek there were no rain
events in which flooding may have occurred and therefore did not account for the water
level patterns seen in the resulting figures or the PCA results explained later in this
section (https://climate.weather.gc.ca).
The wider standard deviations of DO for Lypps Beach can reflect the day-to-day
variations, which are more pronounced at Lypps Beach than Cedar Creek (Figure 2.8),
potentially due to the small size and volume of Lypps Beach versus Cedar Creek. Also,
the DO at Lypps Beach fell below 2 mg/L on every date of sampling (32 of 32 dates)
whereas at Cedar Creek only three dates of hypoxia (below 2 mg/L) were observed (three
of 18 dates). The DO at Lypps Beach on average, began declining at 2100 and did not
begin to increase until 1100, whereas Cedar Creek, on average had its lowest DO
between 600 and 1100. In addition, at Lypps Beach water became anoxic (0 mg/L
dissolved oxygen) on 16 of 32 dates, whereas anoxia was never observed over 18
sampling dates at Cedar Creek. At Lypps Beach, daytime DO was in excess of 6 mg/L on
30 dates of 32, whereas it exceeded this level at Cedar Creek on 13 dates of 18.
Therefore, the amplitude of DO at Lypps Beach was much larger (~8 mg/L variation)
than Cedar Creek (~4 mg/L variation), rising and falling between hypoxic/anoxic to
exceeding 8 mg/L. However, at Cedar Creek DO did not fluctuate nearly as much.
Finally, Lypps Beach on average had a higher light intensity and a longer duration of
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light than Cedar Creek (Figure 2.10). The difference in day length reflects the season in
which Lypps Beach was sampled (July-August) relative to when Cedar Creek was
sampled (September).
Diel variation in water depth was minor but discernable relative to the among-day
variation. Water level was lowest, on average, at around 1030 EDT in both wetlands
(Figure 2.9). Water level reached its average maximum (approximately 7 cm higher) at
Lypps Beach at around 2030 EDT. The average maximum depth at Cedar Creek (6 cm
higher than the morning minimum) was observed between midnight and 0300 EDT.
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Figure 2.6 The 24-h mean (+/- standard deviation bars) air temperature at Lypps Beach
(blue; sampled July 8 – August 27, 2019) and Cedar Creek (red; sampled September 4 –
September 27, 2019). Horizontal lines represent average minimum and maximum air
temperature for Lypps Beach (blue) and Cedar Creek (red).

Figure 2.7 The 24-h mean (+/- standard deviation bars) water temperature at Lypps Beach
(blue; sampled July 8 – August 27, 2019) and Cedar Creek (red; sampled September 4 –
September 27, 2019). Horizontal lines represent average minimum and maximum water
temperature for Lypps Beach (blue) and Cedar Creek (red).
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Figure 2.8 The 24-h mean (+/- standard deviation bars) dissolved oxygen concentration at
Lypps Beach (blue; sampled July 8 – August 27, 2019) and Cedar Creek (red; sampled
September 4 – September 27, 2019). Horizontal lines represent average minimum and
maximum dissolved oxygen concentration for Lypps Beach (blue) and Cedar Creek (red).

Figure 2.9 The 24-h mean (+/- standard deviation bars) water depth at Lypps Beach
(blue; sampled July 8 – August 27, 2019) and Cedar Creek (red; sampled September 4 –
September 27, 2019). Horizontal lines represent average minimum and maximum water
depth for Lypps Beach (blue) and Cedar Creek (red).
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Figure 2.10 The 24-h mean (+/- standard deviation bars) light intensity at Lypps Beach
(blue; sampled July 8 – August 27, 2019) and Cedar Creek (red; sampled September 4 –
September 27, 2019). Horizontal lines represent average minimum and maximum light
intensity for Lypps Beach (blue) and Cedar Creek (red).

Wind Direction and Speed
Wind rose diagrams (Figures 2.11 – 2.12) display the percentage of wind
direction and speed throughout the time of sampling at Lypps Beach and Cedar Creek for
wind collection locations (ECCC and NOAA). Figure 2.11 represents ECCC and NOAA
wind data for Lypps Beach. Figure 2.12 represents ECCC and NOAA wind data for
Cedar Creek. Each spoke in the figure represents 15° of wind direction. The longer a
spoke, the larger the percentage of wind travelling from that direction throughout the time
of sampling. The colour within each spoke represents the wind speed. Each colour
represents the wind speed in 10 km/h increments. The length of a colour section is
proportional to the percentage of that speed over the duration of the sampling period. For
example, a long spoke from due North with the colour being purple means that the wind
blew from the North at speeds between 0-10 km/h for the duration of sampling.
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The prevailing wind directions at Lypps Beach were from the southwest and
northeast (Fig. 2.11), with speeds between 0-20 km/h dominating near shore (Fig 2.11a)
and 10-30 km/h in the lake (Figure 2.11b). At Cedar Creek, the prevailing wind direction
estimated from the land-based station was from the southwest, west and northeast at 0-20
km/h, with a small percentage between 20-30 km/h (Figure 2.12a), whereas in the lake
proper, prevailing winds came from the southwest and northeast, with southwest wind
speeds of 10-30 km/h and northeast winds between 10-40 km/h (Fig. 2.12b).
In addition to the wind rose diagrams, 24 hour mean and standard error for the
onshore wind strength and offshore wind strength (using the shore-based wind data) for
both Lypps Beach and Cedar Creek were determined (Figure 2.13 and 2.14, respectively).
The results show on average the wind blew more strongly and for a greater period of time
towards the wetland (onshore wind strength) than away from the wetland (offshore wind
strength) during sampling at both sites. Lypps Beach typically had highest onshore wind
between 0900 and 17:00 and Cedar Creek typically had high onshore wind between 0600
and 1500. This shows that the wind acting towards the wetlands was highest throughout
the day and afternoon than during the evening, which is typical of diel variations in wind,
with winds decreasing overnight and beginning to increase in the morning and throughout
the day. Interestingly, the maximum water level at Lypps Beach occurred between 1900
and 2100 EDT (Figure 2.9), shortly after the maximum onshore wind strength occurred
(0900 to 1700 EDT). However, at Cedar Creek the trend was not as apparent, with
maximum onshore wind strength occurring between 0800 and 1000 EDT and maximum
water level occurring between 2200 and 0300 EDT (Figure 2.9). Overall, the offshore
wind was weaker and less variable over the course of a day. In addition, the time of day
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at which onshore wind peaked at both sites corresponded to the time of DO peaks for
both sites (Figure 2.8). The results suggest a possible connection between the timing of
wind blowing towards the wetland and the local wetland water quality, which is
documented further in the PCA analysis.

Figure 2.11 Wind rose diagrams for Lypps Beach collected data (sampled July 8 –
August 27, 2019). a) displays data collected from ECCC and b) displays data collected
from NOAA. The spokes (coloured sections) represent 15-degree wind direction
intervals. The spokes represent how often the wind travelled from that direction and the
coloured sections within each spoke represent the percentage of wind speeds occurring
during the wind directions.
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Figure 2.12 Wind rose diagrams for Cedar Creek collected data (sampled September 4 –
27, 2019). a) displays data collected from ECCC and b) displays data collected from
NOAA. The spokes (coloured sections) represent 15-degree wind direction intervals. The
spokes represent how often the wind travelled from that direction and the coloured
sections within each spoke represent the percentage of wind speeds occurring during the
wind directions.
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Figure 2.13 The 24-h mean (+/- standard error bars) onshore wind strength at Lypps
Beach (blue; sampled July 8 – August 27, 2019) and Cedar Creek (red; sampled
September 4 – September 27, 2019). Horizontal lines represent average minimum and
maximum onshore wind strength for Lypps Beach (blue) and Cedar Creek (red).
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Figure 2.14 The 24-h mean (+/- standard error bars) offshore wind strength at Lypps
Beach (blue; sampled July 8 – August 27, 2019) and Cedar Creek (red; sampled
September 4 – September 27, 2019). The y-axis scale differs from the previous onshore
wind strength figure above to better visualize the maximum and minimum offshore
values throughout the day. Horizontal lines represent average minimum and maximum
offshore wind strength for Lypps Beach (blue) and Cedar Creek (red).

Lypps Beach Principal Component Analysis
The PCA identified 6 components with eigenvalues greater than 1.0. Together,
these components cumulatively explained 72.9% of the total variance (Table 2.1).
The NOAA (lake-based) northeast and southwest buildup, SIN and COS of wind
direction, and ECCC (shore-based) northeast buildup and SIN of wind direction, and
wetland water temperature were all associated with Principal Component 1 (PC1). The
lake-based southwest buildup was positively correlated while water temperature and lakebased northeast buildup negatively correlated. Thus, wetland water temperatures were
lower during periods when wind blew from the northeast, and water temperatures were
higher when wind blew from the southwest.
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Shore-based COS wind direction, offshore wind strength, onshore wind strength,
and southwest buildup and lake-based offshore wind strength were all associated with
PC2, with shore-based offshore wind strength being positively correlated and shore-based
onshore wind strength being negative, showing that as onshore wind strength decreased
the offshore wind strength increased.
The Log(light intensity), hours of night, hours of day, and air temperature were all
associated with PC3, with light intensity, hours of day, and air temperature being
positively correlated and hours of night negatively correlated. Thus, when the light
intensity was high the air temperature was also high, and the duration of daytime was also
high.
Lake-based wind speed and onshore wind strength, shore-based wind speed, and
sum of water level increments were associated with PC4. All these variables were
positively correlated with PC4. Thus, as wind speed increased for both shore-based and
lake-based, the sum of water level increments within a wetland also increased.
Dissolved oxygen concentration and water level increments were both positively
correlated with PC5. The results of this component are noteworthy, showing that an
increase in the water level increments was positively associated with increases in DO.
Scores of the last component (PC6) were positively correlated with water level
and flow reversals, showing when water level increased there were correlated increases in
the number of flow reversals.
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Table 2.1 Lypps Beach environmental variable factor loadings on the 6 components.
Bold-faced red values are negative factor loadings greater than 0.700. Bold-faced blue
values are positive factor loadings greater than 0.700. Bold-faced factor loadings
represent meaningful factor loadings for specific variables. The component eigenvalue,
percent total variance and cumulative percent total variance of the rotated sums of
squared loadings are included in the bottom three rows of the table.
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Cedar Creek Principal Component Analysis
The PCA identified 8 components with eigenvalues greater than 1.0. Together,
these components explained 78.193% of the total variance (Table 2.2).
The lake-based SIN wind direction, northeast buildup, and southwest buildup,
shore-based SIN wind direction, northeast buildup, and southwest buildup, and water
level were all associated with component 1 (PC1). Interestingly, the water level of the
wetland and both shore-based and lake-based southwest buildup were positively
correlated with PC1. Thus, as the wind traveled along the long axis of the lake towards
the western basin of Lake Erie, the water level within Cedar Creek wetland also
increased.
The Log(light intensity), air temperature, hours of day and hours of night were
associated with PC2. Light intensity, air temperature and hours of day were positively
correlated, and hours of night was negative, the same as for Lypps Beach results.
Showing as light intensity increased the hours of day and air temperature also increased
with hours of day decreasing.
Shore-based COS wind direction, offshore wind strength, and onshore wind
strength, and water temperature were all associated with PC3. The offshore wind strength
and water temperature were positively correlated with onshore wind strength being
negative. This showed that when offshore wind strength increased the wetland water
temperature increased and the opposite was true when onshore wind strength increased.
Lake-based COS wind direction, offshore wind strength, and onshore wind
strength were associated with PC4. Offshore wind strength was positive and onshore
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strength was negative, showing when offshore wind strength increased the onshore
decreased.
Lake-based wind speed and shore-based wind speed were both correlated with
PC5. Both values were positive which can show the accuracy of the data collection as
both measured wind speed on Lake Erie, showing as the shore-based wind speed
increased so did the lake-based wind speed.
Two variables were correlated with scores on PC6 - dissolved oxygen
concentration and the sum of water level increments. Both correlations were positive.
Thus, when the sum of water level increments was high, so was the DO in the wetland.
Water temperature also correlated with PC5 but not as strongly as it was with PC3.
However, water temperature was positively correlated, an interesting result as under
normal conditions high water temperature is associated with reduced DO.
Only one variable (flow reversals) was associated with PC7. Similarly, only a
single variable (water level increments) was associated with PC8.
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Table 2.2 Cedar Creek environmental variable factor loadings on the 6 components.
Bold-faced red values are negative factor loadings greater than 0.700. Bold-faced blue
values are positive factor loadings greater than 0.700. Bold-faced factor loadings
represent meaningful factor loadings for specific variables. The component eigenvalue,
percent total variance and cumulative percent total variance of the rotated sums of
squared loadings are included in the bottom three rows of the table.
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Discussion
This study had two purposes - to determine whether wind data would correlate
with water level in wetlands and to determine if water level correlated with DO and water
temperature. I predicted the water level of the wetland would increase during times of
high wind acting on the shore and decrease during times of offshore wind. At Lypps
Beach, sum of water level increments did load on PC4 with lake-based onshore wind
strength and shore-based onshore wind strength. Thus, greater onshore wind strength was
associated with higher sum of water level increments. Trebitz et al. (2005) found similar
results and showed that with lake level changes and tributary inputs the wetland water
movement increased (Trebitz, et al. 2005). Therefore, the increase in water movement is
likely an indication of wind driving water into the wetland. Because there were no
significant rain events during the study the increases in water level must have been due to
wind events and not flooding due to precipitation (https://climate.weather.gc.ca).
At Lypps Beach water level increments (increased water level) were accompanied
by greater DO and water temperature. This corroborates the prediction that higher water
would be associated with higher DO, similar to the findings of Trebitz (2006) who
mentioned the effect of water level fluctuations affecting DO through mixing of wetland
water (Trebitz 2006). Based on results from Trebitz et al. (2005) I had also predicted that
if water level was rising water temperature would decline, as water would be flowing in
from the lake (Trebitz et al. 2005). However, the results were the opposite, which could
reflect the time of year of sampling. Lypps Beach was sampled during the summer (July
and August) when days are long and air temperature is high, therefore causing warmer
water temperatures. Therefore, inflow of lake water would circulate in the wetland and
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minimally reduce the temperature of the more stagnant water at Lypps Beach. The results
could also be more pronounced in a different lake such as Lake Superior, which is much
colder than Lake Erie and therefore substantially cooler than an adjacent coastal wetland.
However, at Lypps Beach when prolonged wind caused a southwest buildup
(pushing water to the western basin) the water temperature in the wetland became lower.
Ji and Jin (2006) alluded to this result, stating that water level amplitudes were greatest at
the ends of the long axis of lakes. Lypps Beach is located in the western basin of Lake
Erie (near the end of the long axis) and thus wind forcing could have driven enough water
into the basin to cause an inflow of cool water into the wetland, lowering the water
temperature. At the time of my study, the average daytime lake surface temperature was
comparatively cooler (1-2°C) (https://coastwatch.glerl.noaa.gov) than the wetland. To
conclude, at Lypps Beach, there was a correlation between the onshore wind strength and
the sum of water level increments, the southwest buildup and water temperature, and the
water level increments and DO but not water temperature.
Cedar Creek had differing PCA results compared to Lypps Beach. The values of
southwest buildup were positively correlated with water level, whereas at Lypps Beach
the strength of onshore wind correlated with water level. In addition, the strength of
onshore wind at Cedar Creek correlated with water temperature, whereas at Lypps Beach,
the southwest buildup correlated with water temperature. This showed that as southwest
buildup was greater (pushing water into the western basin) the water level in Cedar Creek
was higher. As mentioned in the previous section, the increase in water level in the
western basin (near where Cedar Creek was located) could have caused an increase in
water level of the basin and increased inflow into the wetland (Ji and Jin 2006). Water
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temperature and offshore wind strength were positively correlated. Suggesting that
stronger offshore winds potentially drove water from the wetland, reducing water depth
and resulting in sunlight warming the reduced volume of wetland water. It can also show
that without water inflow from the lake, the water temperature would increase, similar to
Trebitz et al. (2005) who found that decreases in water turbulence resulted in higher
water temperature in wetlands (Trebitz et al. 2005). The results of Trebitz et al. (2005)
also confirm that greater onshore wind strength (increased inflow of water) was
associated with reduced water temperature, which was also found at Cedar Creek (Trebitz
et al. 2005). The DO and sum of water level increments were positively correlated as had
been observed at Lypps Beach and as mentioned previously, suggest that influxes of lake
water have the potential to change DO.
However, the two sites differed in many respects, which could influence the
results found. On average, Lypps Beach had higher air temperature compared to Cedar
Creek. The warmer Lypps Beach air temperatures (in July and August) likely reflect the
higher light intensity and longer day length of summer. The difference in air temperature
was physically noticeable in the mornings at both sites (personal observation).
The difference in water temperature between Lypps Beach and Cedar Creek likely
also reflect the timing of sampling - (July and August for Lypps Beach vs. September for
Cedar Creek). Cornell and Klarer (2008) found warmer water April to August, similar to
the results found at Lypps Beach. In addition, the wetland hydrogeomorphic
classification can play a role in the average water temperature (Albert et al. 2005). Cedar
Creek is a riverine wetland. The water flowing from upstream means that water is
constantly circulated through the wetland and so there is little opportunity for water to
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warm. In contrast, Lypps Beach is a barrier protected wetland with a narrow connection
to Lake Erie and no tributary input. Trebitz et al. (2005) similarly mentioned that
wetlands receiving tributary inputs tend to have cooler water than protected wetlands
(Trebitz et al. 2005).
The aforementioned explanations for cooler water temperatures at Cedar Creek
may also explain the average higher DO at Cedar Creek. Trebitz et al. (2005) and Trebitz
(2006) mentioned the increase in water turbulence, tributary input, and water level
fluctuations can influence the DO, with increases in turbulence relating to increases in
DO. Similarly, Reeder (2011) found that anoxia became more prevalent during times of
low flow. Cedar Creek had input from both upstream tributaries and a wider connection
to the lake allowing greater inflow and outflow, which can explain, on average, higher
DO at Cedar Creek and less durations of hypoxia. Also, cool water holds more oxygen
than warm water; therefore the average lower water temperatures at Cedar Creek could
also promote higher DO (Davis 1975).
However, Lypps Beach is interesting because between 1400 to 1600 EDT the
average DO was higher than at Cedar Creek, perhaps reflecting photosynthetic activity of
the higher density of submerged aquatic vegetation at Lypps Beach and therefore
increased oxygen release into the water column.
High daytime photosynthesis rates at Lypps Beach were offset by respiration of
organic matter at night, as Lypps Beach had more detritus/organic matter than Cedar
Creek (Herdendorf 1987, Nielsen et al. 2013, Reeder 2011).
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In addition to the factors described above to account for the results found,
variability of the strength and direction of wind on the lake results in variable
environmental conditions in the wetlands. Continuous, unidirectional wind can cause a
buildup in the downwind area (Trebitz 2006), but even after wind changes direction or
slows, inertia of the water means that the internal oscillations of water can continue to
disrupt the lake (Gaudard et al. 2017). The oscillations can cause lagged water level
changes, meaning that changes in water level may not be seen in a wetland until the
following day (Bedford 1992). The occurrence of such time lags makes it difficult to
ascribe water level in a wetland at a particular time to the direct effects of wind. Thus,
time trends in water level, DO, and water temperature are also lagged and may reflect
previous wind or storm events (Quinn 2002). Therefore, interpretation of the data set
could be clarified using time series analysis that takes into account weather conditions on
previous and post sampling days to determine precisely how a wind event influences
patterns of wetland water level, DO, and water temperature
In addition to the lag effect of oscillations on the lake, the data presented here
represent only summer conditions in a single year. Over the course of a full year, the
spring and fall seasons tend to have larger amplitudes of water level than during the
summer (Trebitz 2006). Future data collections conducted throughout a year, would
provide measurements of extreme wind and storm events and the associated wetland
water levels, which could be used to supplement the correlations I found throughout the
summer months.
Water levels in Lake Erie have steadily risen between 2014 and 2020 with levels
in 2019 being roughly 0.5 m deeper than 2014
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(https://www.glerl.noaa.gov/data/dashboard). The increase in the average lake levels
could influence the results I found, as increased volume of water of the lake could
promote inflow into the wetlands during wind events. The effects of equivalent winds
may not have been as noticeable in 2014 given the lower lake levels.
Although I observed some important relationships between wind events and
wetland environmental variables, it is important to recognize that the results of the PCA
are exploratory. The purpose of PCA is primarily to create hypotheses about the
relationships among variables (McCune and Grace 2002). For example, the correlation of
DO and water level increments at Lypps Beach with scores on PC5 meant when water
level increments were high the DO was also high. However, the analysis can not be used
to imply causality. Other variables not directly measured in this study such as
photosynthesis or respiration rate, are also important determinants of the DO and likely
act at a different time scale than wind events. However, the observed data provide some
understanding of interactions between the lake and wetland. Further analyses using the
data presented here can help to investigate causative relationships – particularly,
structural equation modelling, which uses the hypothesized connections between
variables and observed data to determine causal relationships (Grace et al. 2014).
Structural equation modelling (SEM) also allows one to assess both direct and indirect
connections between variables and provides a reliability estimate of the hypotheses
(McCune and Grace 2002). For example, in the future, an SEM approach could be used
to determine the indirect effect of wind on DO through its interaction with water level.
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Conclusions
This chapter aimed to determine if wind-caused lake related processes would
correlate well with water level in coastal wetlands and ultimately with the DO and water
temperature. The trends in the data, along with component correlations from the PCAs
broadly matched my predictions. The water level of the wetland, whether measured as
water depth or water level increments, correlated on the same component as onshore
wind strength or southwest buildup wind in the two wetlands sampled. In addition, the
DO was positively correlated with water level increments at both sites showing there
could be a direct effect between the two variables. However, patterns of water
temperature were inconsistent with predictions, as it was correlated on the same
component as southwest buildup and onshore wind strength but not with water level.
Water temperature was greater during times of increased water level and DO, which was
contradictory to our hypotheses. These findings are important to document the variability
of coastal wetlands when a direct connection to the lake is present, how variable wetland
water quality can be throughout a short period of time, and the benefit of measuring short
term environmental data to explain biases or unique data findings. It is also important
when understanding how these processes can influence conditions that can affect fish
populations within wetlands, which will be explored in the following chapter.
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CHAPTER III.
INFLUENCE OF CHANGING WATER LEVEL, DISSOLVED OXYGEN, AND
WATER TEMPERATURE ON FYKE NET CATCHES OF FISHES IN TWO
COASTAL WETLANDS
Introduction
As coastal wetlands are generally shallow, relatively small changes in depth can
markedly alter the water volume and the space available for fishes to move. Langer et al.
(2018) found that fish species richness in Lake Huron coastal wetlands was similar
between years when the water levels were similar, but not when water levels differed.
Chubb and Liston (1986) also reported that larval fish abundance was greater in years
when wetland water level was high, compared to lower water-level years. Lyon et al.
(2010) studied fish movement into and out of shoreline habitats during times of water
level increases and decreases and found that abundance reflected the changes of water
level. In particular, higher water level allowed fishes to move into shallow shoreline
habitats. Similarly, Cucherousset et al. (2007) determined that the movement of species
such as pumpkinseed sunfish (Lepomis gibbosus) into and out of seasonally flooded
wetlands was directly related to the individual species’ tolerance to environmental
conditions and that species that were tolerant to hypoxia and thermal stress were able to
occupy habitat for longer than intolerant species. The findings of Cucherousset et al.
(2007) show that physical available space (depth and volume) both allows fishes to move
among wetland habitats and that fishes respond to decreases in water level and the
associated changes in water quality (higher temperature and reduced oxygen). Although
these studies were conducted over interannual or seasonal timespans, fishes also move in
response to short-term variation in water level, especially when dissolved oxygen
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concentration (DO) and water temperature are affected. Trebitz et al. (2005) found that
lake-water inflow and tributary inputs resulted in greater DO concentrations and lower
water temperatures. They also noted that calm conditions resulted in reduced DO and
water temperature increases, which had the potential to influence fish distribution.
Fishes are poikilotherms and thus their external environment regulates their
internal body temperature (Beitinger et al. 2000, Hasnain et al. 2013). Changing water
temperatures can influence feeding rates (Buentello et al. (2000), metabolic rates and
immune function (Singh et al. 2013), and spawning times (Taranger and Hansen 1993).
Murphy et al. (2012) found that the growth rate of pumpkinseed sunfish increased when
water temperature within their habitat was warmer versus colder (Murphy et al. 2012). In
general, large variations in water temperature outside of a fish’s optimal temperature can
cause death unless they are able to leave unfavourable areas (Currie et al. 1998, Holm et
al. 2008). Understanding fish movement in response to changes in water temperature can
help predict and explain fish habitat use in different areas of coastal wetlands. Hanson et
al. (2008) found that water temperature was a good indicator of activity level of
largemouth bass (Micropterus salmoides). Medvick et al. (1981) found when bluegill
sunfish (Lepomis macrochirus), a common wetland species, was placed in a tank one side
of which was at optimal temperature and one side below optimal, the individuals chose
the optimal side. Also, when the bluegill abundance was increased, the individuals
continued to occupy the optimal temperature area despite overcrowding (Medvick et al.
1981). Emery (1970) observed a short-term (~1 hour) decrease in water temperature
(18.7°C to 7.0°C) and found that resident species (e.g., trout-perch (Percopsis
omiscomaycus) and alewife (Alosa pseudoharengus)) moved towards warmer shoreline
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areas or towards the warmer surface water. Emery (1970) also found benthic species
(e.g., mottled sculpin (Cottus bairdi)) were unable to leave the unfavourable conditions,
resulting in several individual mortalities. The previously mentioned research shows that
changes in water temperature in wetlands have the potential to influence fish physiology
and behaviour. Consequently, I examined the interactions among wind-induced changes
in water level, water temperature, DO, and fish community composition inferred from
fyke-net catches.
Temperature also influences the concentration of DO because oxygen is less
soluble in warm water than in cold water (Kramer 1987). Hypoxia can lead to stress,
diminished physiological functions and potential death if a fish is unable to relocate to a
location with more tolerable concentrations (Kramer 1987). However, during times of
low DO, some species of fish implement alternate respiration behaviours such as gulping
air from above the water surface, moving to the upper water column where DO is
relatively high, or leaving the water completely (Dean and Richardson 1999, Kramer
1987). In addition to exhibiting compensatory respiratory behaviour, various species are
more tolerant to low DO than others. Yellow bullhead (Ameiurus natalis), bluegill
sunfish, and largemouth bass are able to tolerate DO below 1 mg/L (Smale and Rabeni
1995). However, Suthers and Gee (1986) found yellow perch (Perca flavescens) to be
absent in areas where DO was below 1.5 mg/L. Coble (1982) found similar results to
Suthers and Gee (1986), with higher walleye (Sander vitreus) and yellow perch
abundance in areas where DO was >5 mg/L than at sites where DO was lower. Species’
tolerances and respiratory behaviour dictate their movement and distribution within
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coastal wetlands, particularly in response to changing environmental conditions, which
occur due to wetland processes and exchanges between the wetland and lake.
In the previous chapter, I found that wind speed and wind direction influenced the
water temperature and water level of two protected wetlands, but not necessarily the DO.
However, the wetland water level did correlate with the DO, potentially showing an
indirect effect of lake-wide changes on oxygen availability in wetlands. Those results
documented the potential for lake-water inflow to influence the water quality of wetlands
and ultimately the composition of their fish communities. As extensively reviewed in the
previous chapters, many environmental variables can influence wetland fish communities
within coastal wetlands including habitat, turbidity, and longer-term (annual and
seasonal) water level changes (Höök et al. 2001, Carter et al. 2010, Langer et al. 2018);
but the water level, DO, and water temperature are especially important.
I determined the relationships among water level, DO, and water temperature
variables and their associations with several fish community parameters - fish abundance,
species richness, genus richness, percentage of mortality, percentage of tolerant species,
and mean fish length - inferred from fyke net catches in two coastal wetlands of Lake
Erie. The research had 3 main goals: to determine if 1) the daily amplitude of water level
(a surrogate measure of inflow/outflow of water) will influence parameters such as
species richness; 2) duration of hypoxia (time during which DO was below a threshold of
4 mg/L) will influence attributes of the fish community such as percentage of mortality;
and 3) minimum daily water temperature influences fish parameters such as percentage of
tolerant species. Based on past literature and studies mentioned prior, I predicted that the
duration of hypoxia during the time nets are in place (~24 hours) would have the greatest
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influence on fish parameters, with longer durations resulting in fewer fishes capture, and
shorter durations resulting in greater individual abundance and species richness. I
predicted that minimum water temperature would be less influential than DO, with higher
minimum water temperatures yielding greater fish abundance and lower temperatures
catching fewer fishes. Lastly, I predicted that water level amplitude would be the least
influential, with large amplitudes (substantial water level changes) resulting in capture of
larger fishes. Ultimately, these findings will improve understanding of how short-term
environmental changes influence coastal wetland fish assemblage catches as inferred
from overnight fyke net sampling.
Methods
Information regarding the wetland selection, equipment placement, DO and water
temperature, water level, and environmental data processing were described in Chapter 2.
The remaining methods pertain to the specific fyke nets used, collection of fish
community data, additional data processing, and statistical analyses. Fish sampling and
laboratory processing followed standard operating procedures of the Great Lakes Coastal
Wetland Monitoring Program (GLCWMP) protocols and Uzarski et al. (2017).
Fyke Netting
Three fyke nets, oriented in parallel, were placed in the transition area between
the edge of the dense emergent vegetation zone and open water area of two Lake Erie
protected wetlands – Lypps Beach and Cedar Creek (Chapter 2). The fyke nets were ~1
m apart from one another, perpendicular to the shoreline, with the lead extending into the
dominant vegetation zone, wings at 45° towards the vegetation zone, and the cod end
extending into the open water area. The nets were placed close together to reduce spatial
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variation. The fishes caught in the 3 nets on any day were combined and treated as one
composite sample. Nets were placed facing towards the vegetation zone in order to
capture fish moving away from the emergent vegetation zone during periods of changing
environmental conditions. The size of the fykes nets used were stipulated by GLCWMP
protocols, with leads roughly 7.6 m by 91 cm wide, the frame was 1 m by 1 m, there were
5 hoops each 76 cm in diameter, and mesh size ~4.8 mm/16 in. The fyke net dimensions
were the same for both sites. However, the mesh size used at Lypps Beach was ~9.5 mm.
The larger mesh size at Lypps Beach was due to nets available at the time of sampling. In
addition, at Lypps Beach, a rope grid (roughly 13 cm x 13 cm grid) was placed on the
frame to minimize the risk of capturing turtles. Turtle capture was not a concern at Cedar
Creek and therefore the rope grid was not used.
Fyke nets were placed in a wetland in the morning (between 1045 and 1230),
emptied the following morning (between 0830 and 0845), and reset for periods of two to
eight days. The date and time at which researchers entered the wetland, fyke nets were
set, fyke nets were removed, and when researchers left the wetland, were recorded. Fyke
nets were checked daily for damage and cleared of debris to ensure net effectiveness at
capturing the fish community. Any damage to the nets was recorded, in case of possible
fish escape through holes in the mesh.
Fish Enumeration and Identification
Fishes were identified to species, measured (total length in mm), and released
back into the wetland. The condition of the fish was also recorded - evidence of
pathology or injury (e.g., presence of tumours or bite marks from turtles), and whether
the fish was dead or alive. The first 50 individuals of each species per net were measured
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and condition noted (damaged, dead, and/or alive), after which only the total number of
individuals per species was recorded. If fishes were damaged to the point of influencing
total length (e.g., lost fin or bite marks from turtles) the total length was not measured,
and the individual was added to the total number of individuals of that species.
GLCMWP protocols stipulate that total length and condition of the first 25 individuals be
recorded. However, I measured up to 50 individuals per species to better represent the
size distribution of individuals and their condition. Some species were difficult to
distinguish (e.g., brown bullhead vs. black bullhead (Ameiurus nebulosus and A. melas).
In such cases, the genus (Ameiurus) was recorded. Young-of-year and difficult-todistinguish species (e.g., pumpkinseed vs. bluegill (Lepomis gibbosus and L.
macrochirus)) were assigned to genus (Lepomis). If a fyke net had a hole in the cod mesh
(allowing fishes to potentially escape), the fish species and measurements were recorded
but the sample was not used in the analyses, to avoid misrepresenting the community
composition of the catch from that net. This occurred on 6 sampling days.
Data Processing
Total abundance on a sampling day consisted of the number of individuals from
all three net catches summed per day per wetland. The species richness was determined
similarly. However, if a fish could not be identified to species, that individual was
excluded from the species richness estimate. Because some fishes could be identified
only to genus (brown and black bullhead; young-of-year Lepomis sp.), the additional
metric of genus richness was created and was the number of genera observed per wetland
per day.
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The ‘proportion dead’ metric was calculated as number of dead fishes/total
number captured. The percentage of tolerant species was calculated as number of tolerant
species/total number of species captured, per day. The tolerance of each species was
determined using the Eakins tolerance scale (intolerant, intermediate, and tolerant)
(Eakins 2021). The tolerance classification represents a species’ ability to tolerate
environmental and anthropogenic stress (Eakins 2021) and is based on previous literature
and compiled by Eakins (2021). Fishes identified only to genus were not included in this
metric. The mean total length on any day was determined for by averaging the lengths of
all Lepomis sp. individuals, which included bluegill, pumpkinseed, and green sunfish
(Lepomis cyanellus). The genus Lepomis was used because individuals of this genus were
captured in all samples.
Based on results of the PCA from the previous chapter and hypotheses mentioned
in the introduction of this chapter, the water level, DO, and water temperature data was
used. The PCA from the previous chapter showed water level, DO, and water temperature
correlated on separate principal components, indicating that the variables were relatively
independent from one another.
The maximum, minimum, range (maximum – minimum) and the mean value of
water temperature, water level, and DO was determined per day at both sites (morning on
one day to morning on the subsequent day). In addition, the duration of time (in hours)
during which DO was below 2 mg/L, 4 mg/L, and 6 mg/L was calculated and the
duration of time (in hours) of DO greater than 6 mg/L was created. The duration of time
of varying DO concentrations were derived from the Canadian Council of Ministers of
the Environment (1999), which stated that the mortality of fish or loss of equilibrium was
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generally between 1 mg/L to 3 mg/L and that ~5 mg/L would be sufficient to sustain life
for most fish species and their varying life stages (Canadian Council of Ministers of the
Environment 1999). Based on the ranges provided by the Canadian Council of Ministers
of the Environment (1999), 4 mg/L was used as a metric between the 3 and 5 mg/L range.
Statistical Analyses
Multiple regression analysis was used to test each fish parameter in relation to a
model containing three independent variables: minimum water temperature, amplitude of
water level change, and duration of hypoxia (number of hours during which DO was <4
mg/L). Categorized scatterplots were subsequently created to illustrate the relationship
between significant environmental variables and individual fish parameters. Minimum
water temperature was used because many species captured are warm-water fish and
therefore, their optimal temperature range is 25°C to 30°C (Eakins 2021), and several
species’ tolerance was categorized as cool-water (optimal temperature ranges from 19°C
to 25°C) (Hasnain et al. 2010). Since the maximum temperature at Lypps Beach never
exceeded 30°C or exceeded 24°C at Cedar Creek, the stress of increased temperature was
expected to be unimportant in determining community composition. However, the
minimum water temperature over the course of a sampling fell below 25°C at Lypps
Beach and below 20°C at Cedar Creek. Therefore, the lower limit was expected to
influence the fish community. The amplitude of water level change was used as an
indicator of the potential inflow or outflow of water from the lake due to a wind event
(Trebitz 2006). Large amplitudes indicated greater change and lower amplitudes imply
relatively consistent water level. The duration of hypoxia was used because it is below
the aforementioned 4 mg/L lowest optimal limit for fishes and within the biologically
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stressful range (3 to 5 mg/L) (Canadian Council of Ministers of the Environment 1999,
Scavia and Bricker 2006). By selecting 4 mg/L, the duration also included times when the
DO was strongly hypoxic (<2 mg/L) and anoxic (0 mg/L), which can cause stress and/or
mortality (Scavia and Bricker 2006, Suthers and Gee 1986, Canadian Council of
Ministers of the Environment 1999).
Results
Data Summary
A total of 3,177 individuals belonging to 21 species were captured over 25 days
of sampling at Lypps Beach. At Cedar Creek, 726 individuals belonging to 20 species
were captured over 14 days of sampling (Figure 3.1 – 3.2). In all, 3,903 fishes belonging
to 25 species were captured. At both Lypps Beach and Cedar Creek the genus with the
highest percentage of individuals was Lepomis (comprised of pumpkinseed, bluegill, and
green sunfish). Lepomis individuals comprised 80% of the total catch at Lypps Beach and
87% at Cedar Creek (Figure 3.3) and are considered tolerant species based on their
anthropogenic and environmental tolerance (Eakins 2021). In addition, based on the
Eakins (2021) environmental and anthropogenic tolerance scale (Appendix B, Table
3.13), Lypps Beach had 38% tolerant species and 61% intermediate tolerant species.
Cedar Creek had 25% tolerant species, 70% intermediate tolerant, and 5% intolerant
species (Figure 3.4). Of the individuals measured, 35% of fishes were found dead in fyke
nets at Lypps Beach and Cedar had 4% mortality (Figure 3.5). Lastly, the mean (standard
deviation) total length of Lepomis at Lypps Beach was 94 mm (+/- 17 mm) and at Cedar
Creek was 41 mm (+/- 21 mm). For each multiple regression analysis, the regression
coefficients (+/- standard error), and their t-values, p-values, and partial coefficient of
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determination were determined as was the model F-value, and associated p-values
(Tables 3.1 – 3.12).

Figure 3.1 Mean (+/- standard deviation) individual abundance per day (Lypps Beach;
blue, n = 25, Cedar Creek; green, n = 14).
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Figure 3.2 Mean (+/- standard deviation) species richness per day (Lypps Beach; blue, n
= 25, Cedar Creek; green, n = 14).

Figure 3.3 Mean (+/- standard error) percentage of Lepomis sp. per day (Lypps Beach;
blue, n = 25, Cedar Creek; green, n = 14).
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Figure 3.4 Mean number of tolerant, intermediate tolerant, and intolerant species (+/standard deviation) per day (Lypps Beach; blue, n = 25, Cedar Creek; green, n = 14).
Species tolerance scale derived from Eakins (2021).

Figure 3.5 Mean (+/- standard error) percentage of mortality per day (Lypps Beach; blue,
n = 25, Cedar Creek; green, n = 14).
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Table 3.1 Regression coefficient and coefficients of determination for variables
influencing total abundance of fishes at Lypps Beach (n = 25 days, between July 8 and
August 27, 2019). For overall regression analysis F[3,21] = 1.878, p = 0.164.

Table 3.2 Regression coefficient and coefficients of determination for variables
influencing species richness at Lypps Beach (n = 25 days, between July 8 and August 27,
2019). For overall regression analysis F[3,21] = 3.485, p = 0.034.

Table 3.3 Regression coefficient and coefficients of determination for variables
influencing genus richness at Lypps Beach (n = 25 days, between July 8 and August 27,
2019). For overall regression analysis F[3,21] = 3.450, p = 0.035.
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Table 3.4 Regression coefficient and coefficients of determination for variables
influencing percentage of tolerant species presence at Lypps Beach (n = 25 days, between
July 8 and August 27, 2019). For overall regression analysis F[3,21] = 2.297, p = 0.107.

Table 3.5 Regression coefficient and coefficients of determination for variables
influencing the average size of Lepomis sp. at Lypps Beach (n = 25 days, between July 8
and August 27, 2019). For overall regression analysis F[3,21] = 1.253, p = 0.316.

Table 3.6 Regression coefficient and coefficients of determination for variables
influencing percentage of mortality of fishes at Lypps Beach (n = 25 days, between July 8
and August 27, 2019). For overall regression analysis F[3,21] = 3.957, p = 0.022.
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Table 3.7 Regression coefficients and coefficients of determination for variables
influencing total abundance of fishes at Cedar Creek (n = 14 days, between September 4
and September 27, 2019). For overall regression analysis F[3,10] = 2.996, p = 0.082.

Table 3.8 Regression coefficients and coefficients of determination for variables
influencing species richness at Cedar Creek (n = 14 days, between September 4 and
September 27, 2019). For overall regression analysis F[3,10] = 1.986, p = 0.180.

Table 3.9 Regression coefficients and coefficients of determination for variables
influencing genus richness at Cedar Creek (n = 14 days, between September 4 and
September 27, 2019). For overall regression analysis F[3,10] = 0.936, p = 0.459.
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Table 3.10 Regression coefficients and coefficients of determination for variables
influencing percentage of tolerant species presence at Cedar Creek (n = 14 days, between
September 4 and September 27, 2019). For overall regression analysis F[3,10] = 1.228, p =
0.350.

Table 3.11 Regression coefficients and coefficients of determination for variables
influencing the average size of Lepomis sp. at Cedar Creek (n = 14 days, between
September 4 and September 27, 2019). For overall regression analysis F[3,10] = 0.178, p =
0.909.

Table 3.12 Regression coefficients and coefficients of determination for variables
influencing percentage of mortality of fishes at Cedar Creek (n = 14 days, between
September 4 and September 27, 2019). For overall regression analysis F[3,10] = 0.153, p =
0.925.
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Abundance
At Lypps Beach, fish catch per day (abundance) was independent of the
amplitude of water level, minimum water temperature, and duration of hypoxia (F(3,21) =
1.878 , p = 0.164). Similarly, at Cedar Creek abundance was not significantly associated
with any of the three independent variables. However, there was a nonsignificant trend
(F(3,21) = 2.996, p = 0.082). At Cedar Creek, the relationship between fish abundance and
duration of hypoxia was significant (p = 0.030), although the relationship was
unexpectedly positive. Minimum water temperature and amplitude of water level did not
influence abundance (p = 0.291 and p = 0.617, respectively). Figure 3.6 show the linear
regression representing the duration of hypoxia and total abundance during sampling at
Cedar Creek.

Figure 3.6 Relationship between fish abundance (number per day) and the duration of
hypoxia on 14 sampling dates at Cedar Creek, R2 = 0.408, p = 0.014, y = 6.376x +
20.433.
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Species and Genus Richness
Species and genus richness were positively associated with amplitude of water
level, minimum water temperature, and duration of hypoxia at Lypps Beach (F(3,21) =
3.495, p = 0.034 and F(3,21) = 3.450, p = 0.035, respectively). For species richness, the
duration of time below 4 mg/L significantly contributed to the model (p = 0.018) and the
minimum water temperature, arguably, but non-significantly contributed (p = 0.067).
Similar to species richness, duration of hypoxia significantly contributed to the genus
richness model (p = 0.011), but minimum water temperature did not (p = 0.134). Figures
3.7 and 3.8 show the linear regression representing the duration of hypoxia and species
richness and genus richness, during sampling at Lypps Beach. At Cedar Creek both
species richness (F(3,10) = 1.986, p = 0.180) and genus richness (F(3,10) = 0.936, p = 0.459)
were not significantly predicted by the independent variables.
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Figure 3.7 Relationship between species richness and the duration of hypoxia on 25
sampling dates at Lypps Beach, R2 = 0.209, p = 0.022, y = 0.268x + 6.513.

Figure 3.8 Relationship between genus richness and the duration of hypoxia on 25
sampling dates at Lypps Beach, R2 = 0.247, p = 0.011, y = 0.294x + 5.065.
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Percentage of Tolerant Species
At Lypps Beach, percent of tolerant species present (F(3,21) = 2.297, p = 0.107)
was not significantly predicted by the independent variables. Cedar Creek percent of
tolerant species present was also not predicted by the independent variables (F(3,10) =
1.228, p = 0.350).
Percentage of Mortality
At Lypps Beach, the percentage of mortality was positively associated with the
independent variables (F(3,21) = 3.957, p = 0.022). The minimum water temperature
significantly contributed to the model (p = 0.011). Figure 3.9 shows the linear regression
representing the minimum water temperature and percent of mortality during sampling at
Lypps Beach. Figure 3.10 shows the same relationship as Figure 3.9, however the marker
colours (red and blue) represent dates when the daily average DO was <4 mg/L (red) or
>4 mg/L (blue), and displayed higher percentage of mortality occurred on dates when
daily average DO was <4 mg/L. The duration of time below 4 mg/L, arguably,
significantly contributed (p = 0.056), however the amplitude of water level did not (p =
0.356). At Cedar Creek the percent of mortality was not significantly predicted by the
independent variables (F(3,10) = 0.153, p = 0.925).

99

Figure 3.9 Relationship between percent of mortality and the minimum water temperature
on 25 sampling dates at Lypps Beach, R2 = 0.207, p = 0.022, y = 11.929x - 256.89.

Figure 3.10 Relationship between percent of mortality and the minimum water
temperature on 25 sampling dates at Lypps Beach, R2 = 0.207, p = 0.022, y = 11.929x 256.89. Red markers represent dates in which the average DO <4 mg/L, blue markers
represent dates in which the average DO >4 mg/L.
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Average Size of Lepomis sp.
Similar to the percentage of tolerant species, the average size of Lepomis sp. was
independent of the amplitude of water level, minimum water temperature, and duration of
hypoxia at Lypps Beach (F(3,21) = 1.253, p = 0.316). Also, at Cedar Creek, the average
size was independent of all of the environmental variables (F(3,10) = 0.178, p = 0.909).
Discussion
I conducted this study to address three related questions: 1) do minimum water
temperature, water level amplitude, and duration of hypoxia predict catches of fish in
fyke nets, 2) which of the three variables significantly contribute to the model, and 3)
what fish metrics were best predicted by the models?
Data from each site were analyzed separately because the two wetlands were
environmentally different and were sampled in different seasons. Significant relationships
were observed at Lypps Beach, and one nonsignificant trend was observed at Cedar
Creek. At Lypps Beach, minimum water temperature, the amplitude of water level, and
the duration of hypoxia (DO <4 mg/L) significantly influenced the number of species,
number of genera, and the percentage of fish death throughout sampling. Within the
model results, the duration of hypoxia and minimum water temperature were significant
contributors and showed the number species and genera, as well as the percentage of
mortality, were linearly related to the duration of hypoxia and minimum water
temperature. These results are counterintuitive, as I had predicted that longer duration of
hypoxia would tend to exclude fishes from the area, leading to a decrease in the overall
catch. However, these findings may be a result of fishes within the emergent vegetation
leaving that habitat, rendered unsuitable by extended hypoxia, and being captured by the
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fyke nets as they moved towards open water. In addition, I had predicted an increase in
minimum water temperature would cause increased fishes’ abundance, which was not the
case. However, the minimum water temperature was linearly related to the percentage of
mortality. This result is interesting and can be due to warmer temperatures promoting an
increase in feeding rate and therefore movement throughout the wetland as Buentello et
al. (2000) found channel catfish feeding intake increased with warmer water versus
colder water. Also, Hanson et al. (2009) found an increase in largemouth bass activity
during warmer temperatures (Hanson et al. 2009). The results of Hanson et al. (2009) are
particularly interesting since largemouth bass are warm-water species (Eakins 2021), and
if the results for largemouth bass are applicable to other centrarchids such as
pumpkinseed (Eakins 2021), it could explain the marked increase in species with
increasing water temperature, as other species in the wetland may also exhibit greater
activity. In addition, the increased water temperature during sampling could have
increased the fishes’ respiratory demand and compounded the need for increased DO.
Fishes trapped in the nets were unable to move to favourable conditions and the
continued lack of oxygen likely accounted for the greater percentage of mortality. During
sample days when mortality was highest, the daily average DO was <4 mg/L and days
when DO was on average >4 mg/L the mortality was lower. However, on several days
high mortality (68%) was observed even though an average DO was >4 mg/L (Figure
3.10). Therefore, although water temperature and DO interact and influence the
percentage of mortality, further investigation is needed to determine if other factors such
as changes in diel patterns or water amplitudes are driving these interactions and the
resulting fish community changes.

102

At Cedar Creek, there was a marginally significant model that predicted the fish
abundance. The only significant environmental variable contributing to the model was the
duration of low DO. Cedar Creek on average, had higher DO than Lypps Beach, but
Lypps Beach caught more individuals. However, the Lypps Beach model did not predict
abundance and the Cedar Creek model did. The reason the Lypps Beach model may not
have predicted abundance is due to the gradual seasonal decline in the number of
individuals caught per day. Over the course of sampling the total number of individuals
per day steadily decreased from July to August whereas the number of species and genera
did not. The gradual decline in abundance could be due to predation over time, where
smaller individuals we removed from the community as a prey item. The decrease in
abundance can also be due to the mortality of fish at Lypps Beach throughout sampling,
where large percentages of the community died and were therefore removed from
proceeding community captures. At Cedar Creek the total abundance was relatively
consistent over the course of sampling and therefore a trend among hypoxia and
abundance could have been more apparent. However, the lack of significant models at
Cedar Creek is noteworthy, as it suggests that the habitat at Cedar Creek did not push the
tolerance limits of the fish communities (specifically DO) as hypoxia was rarely observed
(Scavia and Bricker 2006). This suggests that fishes were not forced to move towards
more suitable conditions (open water) and become entrapped in the fyke nets. In addition,
the water temperature was relatively cooler than at Lypps Beach, and as such did not
reach a maximum temperature that may have cause increased activity or the lower
temperatures that could have reduced activity level over the course of sampling and
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therefore resulted in less fish capture and ultimately fewer significant results (Hanson et
al. 2008, Emery 1970).
After completing the multiple regression analyses mentioned previously, I
subjectively examined the fish community data to determine if there were any consistent
environmental conditions (e.g., higher DO, lower water temperature, and longer duration
of hypoxia) that could account for captures of rare species, pelagic species, or a higher
percentage of cool-water species. However, no such environmental trends were observed.
For example, days when walleye (Sander vitreus) were captured the water temperature
was commonly between 20°C - 25°C, which is within their temperature tolerance range,
which could show when water temperatures are cooler, walleye will be present in the
wetland due to less physiological restraint. However, yellow perch, which also have a
temperature range between 20°C - 25°C, were captured at Lypps Beach when water
temperatures were above their range (Eakins 2021). Species that were rarely captured
(e.g., spotted sucker, logperch, and rock bass), were caught on days when on average, the
water quality was similar as other days (similar water temperature range or duration of
hypoxia), yet were not captured. The inconsistency in the presence of certain species
during different environmental conditions could be a reason there were fewer significant
results found in the multiple regression analyses for both sites and is important when
considering the best practices to capture fish movement and community data in wetlands
in the future. For example, it would be beneficial for a researcher to track fish movement
through the use of acoustic tracking devices or sonar systems (Kaller et al. 2013, Stott et
al. 2018) which could give a more accurate observation of, for example, pelagic species
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moving into wetlands or out of wetlands during changing conditions such as diel
variations in DO.
Diel variation in DO and water temperature in wetlands are important
environmental determinants of fish community composition. Typically, DO and
temperature begin to increase in the morning due to photosynthesis driven by sunlight,
reaching a maximum value in the late afternoon, and beginning to decrease once the sun
goes down (Andersen et al. 2017). The declines in DO and temperature begins at dusk
and reaches minima in the early morning before the cycle begins again (Andersen et al.
2017). In addition, areas of dense submerged aquatic vegetation and emergent vegetation
have longer periods of hypoxia than open water areas (Reeder 2011). Therefore, within
24 hours, the wetland becomes more suitable during the day for less tolerant lakedwelling species (e.g., gizzard shad) which are then able to enter wetlands and vegetation
zones but are forced to leave at dusk when water quality begins to decrease. Furthermore,
warm-water wetland resident fishes are able to move freely throughout vegetation during
the day due to the increase in DO but must also move to suitable locations (open water) at
dusk and overnight when DO decreases. Due to the changing diel patterns, it is expected
that throughout sampling for this research, the majority of fish capture would have
occurred in the evening when DO within the vegetation decreased and fish were forced to
flee.
Although diel patterns can help explain fish movement during sampling periods, it
can also be a limitation to the current study. Fyke nets were set in the wetland for ~24
hours, meaning it is difficult to distinguish if fishes were captured during the day due to
changing environmental conditions such as inflow or outflow of water from the lake, or if
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they were captured because of the natural changes in DO and water temperature during
the evening and night. It would be informative to set fyke nets for the day and separately
through the evening, in order to account for the variability of natural diel changes in
water quality in order to better represent changes in environmental conditions and their
influence on fish communities, such as water level changes.
In addition to diel patterns influencing community interpretations, the use of fyke
nets also has limitations. As fyke nets are stationary, the direction of fish movement
cannot be inferred, particularly whether fishes are captured while moving from the lake
into the wetland, if they are moving from open water wetland habitat to vegetation, or if
they were travelling perpendicular to the dense vegetation. Although one can predict the
movement of fish among these areas and over the course of sampling, it is difficult to
directly assess movement without the use of movement tracking devices such as acoustic
or sonar systems, as mentioned previously (Kaller et al. 2013, Stott et al. 2018).
However, the findings of fyke net catches in this study still provide evidence of fish
movement during changing environmental conditions such as decreases in DO. Thus, the
use of fyke nets is justified. However, researchers are encouraged to use environmental
loggers to track changes in water quality such as DO, as a decrease in DO or increased
duration of hypoxia in the dense vegetation were found to capture more fishes and larger
numbers of species and genera over the course of sampling than sampling during periods
of normoxia in the two protected wetlands.
Conclusions
The goal of this chapter was to determine if environmental variables would
predict changes in fish community composition within lake-connected coastal wetlands.
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The duration of hypoxia proved to be the most influential variable in predicting
community metrics such as species richness, likely reflecting the movement of fishes out
of areas of dense emergent vegetation in response to changing water quality conditions.
The research also suggests that the amplitude of water level may not be directly related to
the fish community as previously predicted but may be indirectly affecting other water
quality metrics such as DO. In addition, some metrics such as the percentage of tolerant
fishes present, may not have been accurately predicted by the environmental parameters
used in this study, such as minimum water temperature or amplitude of water level
change, but provides opportunity for future research to further investigate those
relationships. To conclude, these findings are important in promoting the collection of
short-term environmental data in combination with fyke net catches to aid in the
understanding and explanations of observed fish communities and behaviours.
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CHAPTER IV.
THESIS CONCLUSIONS AND RECOMMENDATIONS
Summary
The distribution, movement, physiology and reproduction of fishes in lakeconnected coastal wetlands of the Great Lakes can be influenced by many environmental
factors. Important variables can include vegetation structure and diversity causing
changes to predator-prey interactions or family and taxa distributions (Savino and Stein
1982, Höök et al. 2001), turbidity levels altering hatch success and growth (Gray et al.
2012, Harder et al. 2012), and water temperature influencing metabolic rate or immune
system function, along with feeding rates, and activity level (Singh et al. 2013, Buentello
et al. 2000, Hanson et al. 2008). In addition, dissolved oxygen (DO) concentration can
impact fish presence, survival, and their respiratory strategies (Coble 1982, Suthers and
Gee 1986, Dean and Richardson 1999). However, when a wetland is directly connected
to the lake, the lake processes can significantly influence these variables, particularly
short-term wind and storm events causing water level oscillations (Quinn 2002, Trebitz
2006). The changes in water level on the lake can then cause water inflow and outflow,
influencing the wetlands’ water quality. Thus, the investigation into lake-wide processes
and their influence on wetland conditions and the resulting fish communities during these
changes is necessary.
In this thesis, I began by investigating the connection between lake processes and
resulting wetland conditions. I used wind measurements taken from external weather
stations located in the lake and on the shore of Lake Erie, together with water
temperature, DO and water level measurements in two coastal wetlands. I used the wind
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data to create several metrics, which were hypothesized to represent the intensity of wind
acting on the wetlands’ entrances and therefore influencing flow into and out of the
wetlands. Onshore and offshore wind strength summarized the degree to which wind was
travelling towards or away from the wetland. I also created the northeast and southwest
buildup measures, which I used to predict when water level would increase in the eastern
and western basins based on the direction of wind travelling along the long axis of the
lake. My predictions were that increases in onshore wind strength would cause more
inflow and therefore increases in wetland water level and DO, accompanied by reduced
water temperature. I also expected increases in offshore wind to drive water from the
wetland into the lake, resulting in lower water level and DO, with increases in the water
temperature. The average trends at both sites (Lypps Beach and Cedar Creek) were
compared. Lypps Beach had comparatively warmer water temperatures, lower DO
concentrations, lower water depth, and more consistent wind direction than Cedar Creek.
I performed an exploratory principal component analysis for each site and found
correlations between environmental variables both on the lake and within the wetland. At
Lypps Beach, the water temperature was correlated with the same component as the
northeast and southwest buildup variables, suggesting the wind acting along the long axis
of the lake may bring cooler water into the western basin, where the site was located, and
cause an influx of cool water into the wetland. At Cedar Creek, the offshore wind
strength was correlated on the same component as water temperature, showing with
increases in offshore wind there was also an increase in the water temperature potentially
due to water being drawn out of the wetland, lowering water depth and increasing light
penetration throughout the water column. At Lypps Beach, the onshore wind strength
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correlated on the same component as the sum of water level increments, showing when
wind was travelling towards the wetland there was greater turbulence in water level. At
Cedar Creek, the southwest and northeast wind buildup was correlated on the same
component as water level, showing as the southwest buildup increased there were
increases in water level and therefore inflow to the wetland. The DO at both sites did not
correlate with wind variables, however at Lypps Beach it correlated on the same
component as water level increments, showing with increases in water level increments
the DO also increased. At Cedar Creek, the DO correlated on the same component as the
sum of water level increments, showing with increases in water turbulence the DO also
increased. The results can show the potential direct effects of wind on the water level and
water temperature in wetlands, but also the indirect effects water level changes may have
on the DO.
After evaluating the interactions among environmental variables, I combined fyke
net catch data and data obtained throughout the environmental data collection to
determine the effects of water quality parameters, specifically, minimum water
temperature, amplitude of water level, and duration of time the DO was below 4 mg/L in
combination with six fish metrics. I determined the total abundance, species richness,
genus richness, percentage of tolerant species present, percentage of mortality, and the
average size of Lepomis sp. for each day of sampling at both Lypps Beach and Cedar
Creek. More individuals were caught at Lypps Beach over the sampling period than were
captured at Cedar Creek, but both sites had roughly the same species richness. The
number of tolerant species at each site was roughly equivalent as well, and at both sites
Lepomis sp. comprised the majority of fishes caught. However, the mean size of Lepomis
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sp. at Lypps Beach was larger than at Cedar Creek. Also, at Lypps Beach a greater
proportion of fishes were found dead in the nets than was observed at Cedar Creek. Using
multiple regression analyses, with each individual fish metric analyzed separately as the
dependent variable and the minimum water temperature, amplitude of water level, and
duration of DO below 4 mg/L as the independent variables, several significant results
were produced. At Lypps Beach, the independent variables significantly predicted the
species richness, genus richness, and the percentage of mortality. The duration of hypoxia
(DO below 4 mg/L) significantly contributed to the species richness and genus richness
models, and the minimum water temperature significantly contributed to the percentage
of mortality. Thus, longer durations of low DO are associated with greater species and
genus richness, likely as a result of fishes moving from dense vegetation to open water
habitats during times when poor water quality is outside of fishes’ tolerance limits. The
other marginally significant result at Cedar Creek was on total abundance, with the
duration of hypoxia significantly contributing to the model, showing similar results to
Lypps Beach, where the duration of low DO may cause increased fish movement and
capture in the nets. Knowing that DO was the main source of variation in fish community
metrics coupled with findings of the previous chapter that water level correlated with DO,
allows an inference that the changes in DO (apart from diel changes), could be due to
interactions between the lake and wetland. The other fish metrics may not have been
predicted by the current model, but the use of other environmental metrics in the future
may help explain other variables such as average size or percentage of tolerant species.
The results suggest that the duration of low DO and minimum water temperature can help
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predict some aspects of fish communities in coastal wetlands and the collection of such
data can help further explain and understand the interactions within coastal wetlands.
Limitations
Although the trends discussed in this thesis can help to explain and understand
changes that occur in coastal wetlands and their influences on fish communities, wetlands
in general are very dynamic, with many direct and indirect interactions among
environmental variables and fish communities that may not have been captured in this
study. Interactions such as photosynthesis and respiration rates influencing DO through
the release of oxygen and carbon dioxide, respectively, (Cooper et al. 2013), which could
mitigate or compound the effects of inflow and outflow of water in the wetland. In
addition, water quality parameters such as pH can influence fish through changes in
circulatory function and compound the effects of low DO (Baldisserotto 2011). Due to
the multitude of environmental variable interactions additional measurements and
changes to sampling protocols could help paint a clearer picture in the future. For
example, the use of additional water level loggers placed at multiple locations in the
wetland and recording data more frequently could give a detailed record of sequences of
changes in the wetland as a whole. In addition, collecting data from multiple locations
along the shoreline of the lake could help explain lake-level trends such as wind and
water level, similar to research by Trebitz (2006) who collected water level data in many
locations throughout the Great Lakes to determine fluctuation regimes (Trebitz 2006).
Additional measurements, such as flow rate and flow direction could be used to confirm
the inflow and outflow of water to the wetland and corroborate the observed trends in
water level changes at the sampling locations, similar to Trebitz et al. (2005) who
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measured flow path to determine overall inflow or outflow of water into wetlands
(Trebitz et al. 2005).
Completing sampling at multiple wetlands could also help determine if wetland
types with differing degrees of lake connections influence the amount of inflow or
outflow and therefore the local wetland conditions such as DO or water temperature. For
example, sampling more sites with small stream connections (similar to Lypps Beach)
and large river connections (similar to Cedar Creek), would allow the researcher to
contrast if the connection to the lake has a greater effect on the water movement. In
addition, sampling in different size wetlands (smaller Lypps Beach vs. larger Cedar
Creek) could provide insight into how smaller wetlands may be more susceptible to
changes in DO due to less volume of circulating water.
Another limitation to my study is the use of fyke nets for fish community capture.
Fyke nets are effective at capturing fishes moving from one location to another (such as
dense vegetation to open water areas) but depend on fish entering the nets (passive
sampling) instead of researchers moving towards fish (active sampling). This could lead
to misrepresentation of species that are less mobile or increased number of mobile
species (Kaller et al. 2013). It could therefore be beneficial to complete similar research
using other fish capture methods such as electrofishing or the use of acoustic tracking on
a proportion of fishes in the wetland to give a clearer understanding of fish movement
during changing conditions in the wetland (Kaller et al. 2013). However, the use of fyke
nets for this research did allow for an accurate measure of fishes present in the dense
vegetation and in the future, placing more fyke nets throughout the wetland could give a
more comprehensive representation of the fish communities present and their responses
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to changes in environmental variables. It would also be beneficial to complete this study
on a multi-year scale at the same sites and for a longer duration such as sampling between
spring through the fall, in order to compare additional changes in the fish community
such as spawning times and growth.
Future Directions
My findings improve understanding of changes in wetlands when directly
connected to the lake, as changes in lake processes correlated together with water depth
variables. However, future researchers should continue studies similar to this, such as
investigating changes in water level in different hydrogeomorphic wetland types with an
increase in data collection throughout the wetland and on the lake, to produce a more
accurate understanding of the changes in lake-wind and local wetland water quality.
Research similar to that by Trebitz (2006) who measured water depth in many locations
on the Great Lakes but incorporating within wetland measurements to compare lake and
wetland interactions (Trebitz 2006). In addition, completing this sampling for increased
durations such as throughout the year and for multiple years, to better capture an array of
weather and climate conditions.
Aside from the lake-processes, the changes in fish communities in relation to
changing wetland conditions can help to make predictions for future researchers studying
fish in wetlands. The data show the importance of measuring variables such as dissolved
oxygen, for extended period of time. By collecting extensive data, a researcher can make
more accurate predictions of the resulting fish communities versus collecting single point
measures once a day, as I found the changes in fish communities can depend on changes
during various times of the day. In addition, it would be interesting in the future to
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determine how IBI scores (Index of Biotic Integrity) differed throughout the sampling
period and among the two wetlands sampled. This could allow researchers to further
understand the local wetland conditions (such as anthropogenic disturbance) based on
ecosystem health, which could provide further understanding of the fish communities
present (Cooper et al. 2018). Lastly, by sampling at multiple locations, it would be
possible to compare site results to better understand if the changes in fish communities
are constantly reacting to changes in the water quality, such as DO, or if it is simply the
specific wetland conditions causing the changes.
In summary, my research has shown that variability in wetland habitats (mainly
water level, water temperature, and dissolved oxygen) is associated with lake-wide
processes and can alter fish community attributes that would otherwise be undetected
without additional data collection. Understanding of these environmental changes can
help future wetland ecologists to make better decisions on the duration of time for data
collection, the variables in which to measure, and the interpretation of results found, and
to minimize a misrepresentation of fishes’ present or absent. By continuing this area of
research, it could be possible to predict times of change and how those times will
influence our interpretations of fish communities in coastal wetlands.
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APPENDICES
Appendix A. Marginal Means, Matrix Scatterplots, and Bivariate Correlations of
key Environmental Parameters for Lypps Beach and Cedar Creek

Table 2.3 Lypps Beach estimated marginal means, standard deviation, and sample size of
the four dissolved oxygen loggers.
Net
Estimated Marginal Mean Standard Deviation Sample Size
1
3.4405
2.6438
2471
2
4.1585
3.0214
2471
3
4.0857
3.0813
2471
4
4.0300
2.9909
2471
Table 2.4 Lypps Beach estimated marginal means, standard deviation, and sample of the
five water temperature loggers.
Net
Estimated Marginal Mean Standard Deviation Sample Size
1
24.7497
1.4956
2471
2
24.6526
1.5007
2471
3
24.8773
1.4474
2471
4
24.9466
1.4681
2471
5
24.9054
1.4675
2471
Table 2.5 Cedar Creek estimated marginal means, standard deviation, and sample of the
four dissolved oxygen loggers.
Net
Estimated Marginal Mean Standard Deviation Sample Size
1
4.4591
1.3864
1334
2
5.1443
1.1867
1334
3
4.8553
1.3124
1334
4
5.1399
1.7524
1334
Table 2.6 Cedar Creek estimated marginal means, standard deviation, and sample of the
five water temperature loggers.
Net
Estimated Marginal Mean Standard Deviation
Sample Size
1
22.0925
0.9965
1334
2
22.0025
0.9558
1334
3
21.9854
0.9456
1334
4
22.0640
0.9587
1334
5
22.1135
1.0181
1334
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The following figures (Figure 2.15 – 2.18) represent full time series and bivariate
correlations of environmental data for key parameters, specifically water depth, DO,
water temperature, onshore and offshore wind strength, and northeast and southwest
buildup for both Lypps Beach and Cedar Creek.
Matrix scatterplots were used to best visualize the extensive amount of data
collected. The following matrix scatterplots (Figure 2.15 and 2.16) show the distribution
of data over the course of sampling. However, distinct trends were difficult to distinguish
with the exception of a trend of high water-depth with high DO as seen in the depth vs.
DO scatterplot at Lypps Beach, with less of an observable trend at Cedar Creek. The lack
of linear trends in the data is another reason a PCA was undertaken.
In addition, the bivariate correlation matrix below (Figure 2.17 and 2.18) shows
that the majority of key parameters are significantly correlated with one another (p< 0.05,
except for onshore, offshore, and southwest buildup with water depth at Lypps Beach,
and onshore and northeast buildup with DO at Cedar Creek).
In future research, it would be beneficial to select and analyze data over single
wind events to determine the timing with which major wind or storm events influence
wetland water level relative to calm days. This could help confirm my inferences that
changes in the wetland are caused by changes on the lake.
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Figure 2.15 Matrix scatterplot of key parameters at Lypps Beach (2470 events sampled at
15-min intervals between July 8 and August 27, 2019). Key parameters include W. Temp
(water temperature), DO (dissolved oxygen), Depth (water depth of the wetland),
Onshore (the shore-based onshore wind strength), Offshore (the shore-based offshore
wind strength), NE Buildup (shore-based northeast buildup), SE Buildup (shore-based
southwest buildup).
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Figure 2.16 Matrix scatterplot of key parameters at Cedar Creek (1328 events sampled at
15-min intervals between September 4 and September 27, 2019). Key parameters include
W. Temp (water temperature), DO (dissolved oxygen), Depth (water depth of the
wetland), Onshore (the shore-based onshore wind strength), Offshore (the shore-based
offshore wind strength), NE Buildup (shore-based northeast buildup), SE Buildup (shorebased southwest buildup).
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Figure 2.17 Bivariate correlations among key parameters at Lypps Beach (sampled July 8
– August 27, 2019). Key parameters include W. Temp (water temperature), DO
(dissolved oxygen), Depth (water depth of the wetland), Onshore (the shore-based
onshore wind strength), Offshore (the shore-based offshore wind strength), NE Buildup
(shore-based northeast buildup), SE Buildup (shore-based southwest buildup).
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Figure 2.18 Bivariate correlations among key parameters at Cedar creek (sampled
September 4 – September 17, 2019). Key parameters include W. Temp (water
temperature), DO (dissolved oxygen), Depth (water depth of the wetland), Onshore (the
shore-based onshore wind strength), Offshore (the shore-based offshore wind strength),
NE Buildup (shore-based northeast buildup), SE Buildup (shore-based southwest
buildup).
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Appendix B. Fishes Anthropogenic, Temperature, DO, and Habitat Information

Table 3.13 Fish species anthropogenic tolerance level (tolerant, intermediate, intolerant),
temperature guild (warm, cool, cold), DO tolerance (tolerant, intermediate, intolerant),
habitat preference (phytophilic, benthic, pelagic), and number of days species were
captured (LB: Lypps Beach, CC: Cedar Creek). Tolerance and temperature guilds derived
from Eakins (2021), DO tolerances derived from Eakins (2021) and Tang et al. (2020),
and habitat derived from Eakins (2021) and Cooper et al. (2018).
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